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ABSTRACT OF DISSERTATION 
 
 
 
 
FROTH FLOTATION PERFORMANCE ENHANCEMENT BY FEED CAVITATION 
AND MAGNETIC PLASTIC PARTICLE ADDITION 
 
 
Froth flotation is the most commonly used process to recover and upgrade the 
portion of the coal preparation plant feed that has a particle size smaller than 150 
microns. Problems that occur when employing froth flotation in the coal industry include 
i) coal surfaces that are weakly-to-moderately hydrophobic, and ii) flotation systems that 
are overloaded and limited by insufficient retention time. 
 
Research was performed to evaluate techniques that could be implemented to 
improve flotation performance under the aforementioned scenarios. Pre-aeration of 
flotation feed using a cavitation system was extensively evaluated in laboratory and full-
scale test programs. The benefits of adding hydrophobic, magnetic plastic particles were 
also investigated to improve froth stability and increase bubble surface area. 
 
Laboratory tests revealed that pre-aeration through a cavitation tube improved 
coal recovery by as much as 20 absolute percentage points in both conventional cells and 
flotation columns when treating difficult-to-float coals. Carrying capacity increased by 
32% which was projected to provide a 4 t/h increase in flotation recovery for a typical 4-
m diameter flotation column. Product size analyses suggest that the improved particle 
recovery was more pronounced for the finest coal fractions as a result of particle 
agglomeration, resulting from the use of the nucleated air bubbles on the coal surfaces as 
a bridging medium. In-plant testing of a commercial-scale cavitation system found that 
feed pre-aeration could reduce collector dosage by 50% when no additional air is added 
and by 67% when a small amount of air is added to the feed to the cavitation system. At a 
constant collector dosage, recovery increased by 10 absolute percentage points with 
cavitation without additional air and 17 absolute points when additional air is provided. 
The addition of hydrophobic plastic particles to the flotation feed at a 10% 
concentration by weight was found to substantially improve froth stability thereby 
elevating the recovery and enhancing carrying-capacity. Test results showed that the 
primary flotation improvements were directly linked to the coarsest particle size fractions 
in the plastic material which supports the froth stability hypothesis. Combustible recovery 
was increased up to 10 percentage points while producing the desired concentrate quality. 
KEYWORDS:  Froth Flotation, Coal Recovery, Flotation Size,  
Cavitation Pretreatment, Carrying Capacity. 
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CHAPTER 1 
1. INTRODUCTION 
 
1.1. BACKGROUND 
 
The froth flotation process has been listed among the top ten inventions of the twentieth 
century with the first commercial installation occurring in 1906. For more than 100 years 
after H.L. Sulman, H.F.K. Picard and J. Ballot’s first patent (U.S. No. 835,120), froth 
flotation has been the dominant process for the concentration of various minerals 
comprising a typical -1 mm ore. Materials concentrated using froth flotation include 
those containing copper, lead, zinc, gold, platinum, iron, molybdenum, tin, phosphate, 
talc, rutile, kaolin, fluorspar, coal and many others. It is estimated that froth flotation 
processes currently treat about 9 billion tons of ore annually. The United States leads the 
world with the highest total installed capacity of 20.3% attributed to coal flotation circuits 
compared to other major coal producing countries, such as China (14.0%), the United 
Kingdom (12.1%), India (11.1%), Canada (9.5%) and Australia (9.4%). Coal cleaning 
through froth flotation in these countries represents about 13.6% of the total installed 
capacity, which is estimated to be approximately 160 Mt/year (Kempnich, 2003). 
 
From a fundamental perspective, froth flotation is known as a physico-chemical process 
that separates solid particles based on their differences in physical and surface chemistry 
properties. For fine coal cleaning, froth flotation is the most commonly used process to 
recover and upgrade the portion of the coal preparation plant feed that has a particle size 
smaller than 150 microns. The typical amount of flotation feed material in run-of-mine 
coal is 7% to 12% of the total mass flow.  
 
Coal particle surfaces are typically hydrophobic (i.e., dislikes water) whereas the mineral 
matter is hydrophilic (i.e., likes water). The separation principles of the flotation process 
involve the use of air bubbles (produced by means of shear) which collide with flotation 
feed particles thereby allowing an opportunity for hydrophobic particles to attach and 
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form a particle-air bubble aggregate. As a result, coal-air bubble aggregates, having a 
density less than the medium, rise to the top of the flotation cell where they overflow into 
a concentrate launder. On the other hand, hydrophilic mineral matter particles do not 
attach with a bubble after collision and move downward with the major portion of the 
volume flow where they report to cell underflow stream.  
 
Fundamental froth flotation principles are basically the same for all flotation machines, 
however there are differences in the design depending on the operational restrictions and 
the requirements for a given mineral. There are two main types of flotation devices used 
today, i.e., conventional mechanical and column flotation cells. Conventional and column 
flotation cells have been widely used since the early 1900’s and the late 1980’s, 
respectively.  
 
Conventional flotation cells are characterized by their relatively low length-to-diameter 
(L:D) ratio. In the presence of the mineral slurry, conventional flotation cells employ a 
rotor and stator (or a high-shear impeller) for agitation and bubble generation by drawing 
air down a hollow shaft. Conventional cells are near perfect mixers and, as such, provide 
a relatively inefficient bubble-particle collision environment. To reduce the impact, a 
series of three or more cells are used to form a bank of flotation cells. Due to inherent 
problems, such as hydraulic entrainment and entrapment of fine particles in the clean coal 
froth, high quality products are difficult to achieve for the conventional cells. 
 
Flotation columns, on the other hand, provide a relatively efficient bubble-particle 
collision environment and support a deep froth due to their high L:D ratio design. 
Columns utilize a counter-current flow of feed slurry and air bubbles to separate coal 
particles from refuse particles. Wash water injection in the froth phase is also another key 
feature of the column flotation process by which entrainment of low grade materials are 
rejected. The use of wash water allowed the column performance to approach the “ideal 
separation” defined by release analysis data. 
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The froth flotation process consists of two separate and distinctly different zones, i.e., the 
collection zone and the froth zone. The overall mineral recovery is the result of the 
interaction between these two zones. Many of the novel flotation techniques, including 
the conventional cells, developed since 1980’s are aimed at improving methods of 
contacting air bubbles and treated mineral particles in the collection zone. The collection 
zone achieves a separation between the valuable and non-valuable minerals based on the 
bubble-particle attachment process, which takes place below the collection zone-froth 
zone interface. During this process, a portion of the non-valuable minerals is carried from 
the collection zone into the froth zone with the mineral-bubble aggregates due to 
hydraulic entrainment.  
 
The separation of the valuable mineral from the non-valuable mineral components in the 
collection zone is based on differential flotation rates. The rate at which a particle is 
recovered due to true attachment is known as the collection flotation rate, kci. The 
collection zone flotation rate of a mineral can be quantified by the expression: 
 
 (1.1) 
 
in which Vg is the superficial gas velocity, Db the bubble diameter, Pc the probability of 
collision, Pa the probability of attachment and Pd the probability of detachment. The 
collection zone flotation rate equation shows that the bubble-particle collision, 
attachment and detachment sub-processes are the most critical steps in froth flotation. 
Bubble-particle collision should be maintained at maximum efficiency to ensure a high 
recovery of the floatable mineral, which makes it a non-selective process. The bubble-
particle attachment process, however, is the principal mechanism defining the ability to 
effectively separate minerals in the collection zone of a flotation process which results in 
grade profiles and thus selectivity between particles. The probability of detachment is a 
function of both particle size and density and thus may play a minor role in selectivity. 
kci =
3Vg
2Db
PcPa (1− Pd )
4
The flotation rate constant is also a function of the particle size in the flotation feed, 
through the probabilities of collision, attachment and detachment, which can result in 
significantly different recovery values for a given residence time. Extensive research 
indicated that froth flotation performance varies significantly as a function of particle size 
as shown in Figure 1.1. (Jowett, 1980; Yianatos et al., 2001; Jameson et al., 2008; 
Jameson, 2010; Kohmuench et al., 2010).  
Lower and upper particle size limits exist that varies from material-to-material mainly 
due to density. Flotation recovery significantly declines for particles larger or smaller 
than these limits. In coal flotation, a narrow particle size range of approximately 50 to 
500 µm typically exists to achieve a high level of separation efficiency. The lower 
particle size limit for a given mineral is a function of the bubble-particle collision 
efficiency (Pc) with denser particles having the ability to penetrate the fluid streamlines at 
smaller particle sizes. For this reason, ultrafine particles (<10 μm) tend to float very 
slowly due to a tendency to move with the fluid streamlines, which leads to low collision 
efficiencies. 
 
Figure 1.1. Lower and upper particle size limitations for the effective application of froth 
flotation on different minerals (Kohmuench et al., 2010). 
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The upper particle size limit is associated with the bubble-particle detachment process 
(Pd), which is also dependent on the particle density (inertia). Although the coarse 
particles can penetrate into the streamlines of the rising bubbles, their inability to remain 
being attached on the bubbles due to the turbulent nature of the flow field reduces the 
coarse particle (>100 μm) recovery significantly (Jameson, 2010). Schulze (1984) 
showed that coarse particle size limit could be drawn when the centrifugal force acting on 
the bubble is higher than the surface tension that keeps the particle attached on the bubble 
surface. 
 
The throughput capacity of a flotation system is limited on the amount of product mass 
that can be conveyed by air bubbles through the collection zone to the concentrate 
launder. This limit is typically referred to as the carrying capacity, which is defined as the 
mass rate of flotation product per unit time per cell (or column) cross-sectional area, i.e., 
t/h/m2. When the carrying capacity limit is reached, fully loaded bubbles simply have no 
space where additional particles can attach, which represents insufficient bubble surface 
area to carry additional hydrophobic particles in the feed. 
 
Under kinetic limiting conditions, the product capacity (mass flux rate) increases in direct 
proportion to the increase in the feed solids content. At low feed concentrations, a linear 
relationship reflects that the amount of floatable material entering in the feed stream has 
sufficient bubble surface area to be conveyed to the product launder to ensure nearly 
100% froth zone recovery, where the separation is based on the differences in flotation 
kinetic rates as shown in Figure 1.2.  
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Figure 1.2. Typical product rate limit (carrying-capacity conditions) for coal flotation at 
different feed solid concentrations as a result of a pilot-scale test work 
(Kohmuench and Mankosa, 2006). 
As the bubble-particle aggregates rise through the froth phase to the top of the cell (or 
column), bubble surface area declines due to coalescence when the bubble walls thin. 
When particle population increases by a decrease in particle size and/or increase in solids 
concentration, the bubbles become loaded and additional amounts of the floatable 
material are not recovered. At this point, the flotation system becomes carrying capacity-
limited when the product rate reaches a maximum and the slope no longer represents a 
constant. For particles with a near narrow size distribution, the maximum carrying 
capacity value will remain constant over any further increases in the feed rate. However, 
for particles with a broad size distribution, insufficient bubble surface area causes the 
selective detachment of the coarser size fractions, which are associated with higher mass. 
The result is a decrease in the product mass flux rate with an increase in the feed mass 
flux. Selective detachment also applies for the weakly hydrophobic particles when
particles compete for attachment sites under carrying capacity-limited conditions. 
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Depending on the bubble surface area availability, the detached particles can re-attach to 
a bubble at a lower point in the froth zone or in the collection zone. The process of 
detachment and re-attachment of particles generates a recycling of particles, which is 
commonly referred to as reflux (Honaker et al., 2006). 
 
In the coal industry, the carrying capacities for the most operating full-scale columns 
range anywhere from 0.9 to 3 tph/m2 (Sastri, 1996; Kohmuench and Mankosa, 2006) and 
from 0.6 to 2.4 tph/m2 (Luttrell, 2012) with an average of about 0.12 tph/ft2 for a typical 
flotation feed particles smaller than 150 microns, as shown in Table 1.1. Smaller particle 
size distributions have higher overall surface area, which requires more bubble surface 
area to be covered. However, the total bubble surface area that can be produced in a 
flotation system is limited. As with belt conveying systems which has limited capacity, a 
flotation system has a maximum carrying capacity that is determined by the amount of 
bubble surface area that can be generated and the total surface area of the floatable 
particles entering in the flotation feed stream.  
 
Table 1.1. Carrying capacity ranges for different feed size fractions of coal flotation 
(Christodoulou, 2013). 
 
 
 
 
 
 
 
Using these values, one can estimate that the carrying capacity would be around 12 t/h for 
a typical industrial column flotation unit (4.6-m diameter) in the case of a flotation feed 
comprised of a very fine size fraction (minus 45 microns). By increasing the feed size to 
a typical flotation feed (minus 150 microns), the carrying capacity could be increased by 
about 10 t/h to obtain an overall product rate of 22 t/h. 
Feed 
Size 
(micron) 
Target 
Capacity(tph/m2) 
Minus 600 1.8-2.6 
Minus 150 1.0-1.4 
Minus 45 0.6-0.9 
150x45 1.8-2.2 
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An issue that results in poor flotation performance is limited retention time due to 
increases in the amount of flotation feed that exceed the designed capacity. In this case, 
increasing the flotation rate of the coal can result in significant flotation recovery 
improvements despite the limited residence time. By floating fine particles as larger 
clusters bridging together or by maintaining the coarse particles in the flotation system 
through reduced drainage, not only the carrying capacity, but also the flotation rate and 
thus the flotation recovery improves. 
 
Another problem that occurs when employing froth flotation in the coal industry includes 
bubble surfaces that are insufficient carriers of bubble-particle aggregates with low 
carrying capacities. As previously discussed, the lower limit is a result of inefficiencies in 
the bubble-particle collision process while the upper size limit is associated with bubble-
particle detachment process. It is well documented in the literature that reducing the 
bubble size improves the flotation rate, which would ultimately decrease the flotation 
system size range. Tao (2004) found that the lower size limit could be extended to a few 
microns, and even sub-microns, by employing micron- to sub-micron size bubbles for 
ultrafine flotation efficiency. Similarly, the upper limit could also be expanded to upper 
size limits of 1 to 2 mm, which involves the flotation of relatively coarse particles. 
 
As previously mentioned, froth flotation processes are typically applied toward the 
treatment of particles having a size smaller than 150 microns. Thus, the large total surface 
area requires a significant amount of surfactant referred to as collector to convert the 
surface of a given mineral from one characterized as being hydrophilic to a hydrophobic 
surface or to increase the surface hydrophobicity for improved flotation characteristics. 
For example, it is estimated that the collector market associated with froth flotation is 
worth $6.75 billion annually worldwide. In addition to their cost, environmental concerns 
regarding the flotation reagents have resulted in operators reducing dosage levels, which 
resulted in poor application of reagents due to insufficient amounts. Consequently, these 
problems negatively impact flotation recovery and represent significant energy and 
economic losses. Fan et al. (2010) found that, in the presence of bubbles generated 
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through cavitation, the flotation improvement was more significant on the hard-to-float 
particles than that of the easy-to-float particles especially at lower collector dosages. 
Zhou et al. (1997) and Tao et al. (2006) have also found that the feed pretreatment 
through cavitation-generated bubbles can reduce the flotation collector consumption 
while simultaneously improving the recovery. 
 
In addition to selectivity, the probability of attachment is also directly related to the 
hydrophobicity of coal particles, which determines the flotation rate response of a given 
coal type. In some cases, however, the hydrophobicity of a particular coal is relatively 
weak with a high degree of surface oxidation and thus the response to flotation is poor. 
An example in the central Appalachia coalfields is the coal from the Coalburg seam. The 
seam is very prominent and used widely in the utility industry. Due to its poor flotation 
performance, recovery from commercial flotation circuits is poor to nearly non-existent 
which explains the lack of flotation circuits in some preparation plants treating Coalburg 
seam coal. For coals with poor flotation characteristics, the concept of froth stability 
provided by hydrophobic solid particles, such as naturally hydrophobic plastic particles, 
offers a solution due to restriction of the drainage of the liquid from the thin water layer 
surrounding air bubbles, thereby preventing bubble coalescence. Thus, froth stability 
benefits from the addition of particles having a contact angle up to 90°. In addition to the 
potential benefit of adding hydrophobic particles in the feed, cavitation-nucleated bubbles 
have also shown enhanced flotation recovery benefits to an Australian coal by over 15 
absolute percentage points (Zhou et al., 1997).  
 
 
This study details the work performed to evaluate the impact of nucleating submicron-
size bubbles onto the surfaces of weakly hydrophobic particles through cavitation feed 
pretreatment in an effort to increase the flotation rate and thus elevate recovery. 
Furthermore, the addition of highly hydrophobic magnetic plastic particles in the feed 
was studied to improve the flotation characteristics of poorly floating coal particles, 
especially in the froth zone, by reducing water drainage thereby increasing the froth 
stability. 
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1.2. RESEARCH OBJECTIVES  
 
The goal of the dissertation research was to provide a potential solution for low flotation 
recovery performances caused by 1) a low degree of coal surface hydrophobicity in the 
flotation feed, 2) retention time limited flotation systems and 3) carrying capacity-limited 
conditions. 
 
One of the proposed concepts involves the use of feed pre-aeration using a cavitation 
system, which has been proven to enhance flotation recovery in laboratory studies. By 
injecting feed through a cavitation system, micron-sized bubbles nucleate onto the 
surface of the coal particles, which results in the pre-aeration of the flotation feed. As a 
result, when the particles interact with bubbles produced from a conventional bubble 
generator, the attachment process occurs more rapidly. Due to the finer distribution, the 
injection of additional air and the production of bubbles on the particle surfaces, flotation 
rate and carrying capacity are improved which directly results in enhanced flotation 
recovery. 
 
In a laboratory experimental program, the slurry was injected through a cavitation tube, 
which causes small air bubbles to nucleate on the coal surface. Afterward, the pretreated 
slurry was subjected to laboratory-size conventional and column flotation units. During 
the laboratory studies, weakly floatable coals from the Coalburg seam were obtained 
from an active coal preparation plant in the Central Appalachian coal region. The 
effectiveness of this novel method was evaluated under different operating conditions to 
assess the overall benefit to flotation process. The results were used to quantify flotation 
rate and compare the value to the performance achieved with no pretreatment. 
 
Following the laboratory tests, in-plant studies were conducted at an operating 
preparation plant after the installation of the cavitation tube system for feed pretreatment 
prior to a StackCell circuit. Performance of the froth flotation circuit treating an 
underground metallurgical coal seam (Peerless) was evaluated under different operating 
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conditions, such as varying flotation chemicals and dosages, froth depth levels in the 
StackCells, air injection into the cavitation system, etc. Tests were conducted both while 
the flotation slurry was flowing through the center pipe (all cavitation tube valves are 
closed) and through the cavitation tube system (the center pipe valve is closed). In this 
study, results of both the laboratory and the in-plant studies involving the cavitation 
pretreatment are given. Comparisons are also made between the findings of the recent 
study and those of the previous research. 
 
The other concept utilizes highly hydrophobic plastic material with magnetic 
characteristics. This naturally hydrophobic material is easily recoverable by low-intensity 
magnetic separators. Prior research (Munoz-Diaz, 2007) has shown promising results 
indicating a significant enhancement in separation performance thorough the addition of 
magnetic hydrophobic particles to the flotation process. From the previous research, the 
detachment process has been shown to be selective toward the rejection of the more 
weakly hydrophobic solids. However, the most significant discovery was the doubling of 
the flotation rate and the improvement was the greatest for the coarsest particle size 
fractions. In the proposed investigation, laboratory conventional and column flotation 
cells will be used to collect the necessary data needed to fully validate previous findings 
and quantify the fundamental mechanisms governing the impact of the magnetic plastic 
material addition to the flotation system. Coal samples of varying degrees of floatability, 
such as Pittsburgh No. 8 and Coalburg coals, will be used as the test material to evaluate 
the effect of change in surface hydrophobicity on collision, attachment and detachment 
processes.  
 
Using well-known fundamental relationships, flotation rates will be quantified for 
particles of all sizes and particularly the coarsest particle size fraction. In addition, to 
exploit the change in carrying capacity relationship, experiments will be performed to 
explain the preferential recovery improvement observed for the coarse particles in the 
presence of hydrophobic plastic material. Flotation rate improvements related with the 
surface properties, especially under low and high pH conditions, will be evaluated under 
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specific characterization studies. In short, the findings of the previous research will be 
validated and the repeatability of the results will be tested using similar test procedures. 
The specific objectives of the investigation were: 
 
• To investigate the impact of hydrodynamic cavitation feed pretreatment using 
especially weakly floatable coals with high middling contents, such as the Coalburg 
seam. The flotation performance from various flotation feed stocks was conducted to 
provide benchmarking performances. Flotation rate tests allowed a comparison of rate 
constants for each coal type in addition to providing comparative values for the response 
of pretreated feed. Each of the flotation feed stocks was pretreated using a cavitation 
method and then processed in a laboratory flotation cell. The data from these test 
provided preliminary estimates of the rate increases that can be expected in a full-scale 
industrial application. In addition, column flotation tests will be performed to 
demonstrate the achieved performance enhancement over a range of operating conditions. 
 
• To determine benefits of the full-scale cavitation tube system on the flotation circuit 
performance after the installation to the preparation plant in the light of the laboratory 
studies. The existing plant circuitry was fully characterized such that accurate 
comparisons were made concerning the flotation characteristics of the StackCell circuit 
prior to and after cavitation pretreatment. Additional value of the cavitation tube system 
on reducing the flotation reagent consumption, especially collector, was investigated. 
 
• To perform an investigation to validate and duplicate the reported impact (Munoz-Diaz, 
2007) of highly hydrophobic magnetic plastic particles on the separation performance 
achieved by the flotation process in order to bring a better understanding of this unique 
material for its effect on coal. As such, flotation performance with and without the plastic 
particles was analyzed over a range of operating conditions (solids concentrations, feed 
volumetric flow rate, particles size and pH) in the laboratory-scale conventional and 
column flotation units.  
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1.3. METHODOLOGY 
 
In the first part of this research involving the feed pretreatment through hydrodynamic 
cavitation, flotation rates from the corresponding recovery values were determined over a 
range of operating conditions first for the conventional flotation tests, then for the column 
flotation tests. During the laboratory studies, flotation feed samples were collected from 
three different preparation plants in West Virginia, two of which were treating the 
Coalburg seam and one processing the Winchester seam. Cavitation and the application 
of air parameters were varied under the same conditions to make a head-to-head 
comparison. After identifying the baseline conditions through the laboratory-scale 
conventional cell results, continuous column flotation unit was operated under different 
variables, such as volumetric feed rate, solids concentration, air flow rate and collector 
dosages. In order to keep the cavitation bubbles intact on hydrophobic coal particles, 
pretreated feed samples were taken with caution and the tests were conducted 
immediately afterwards to optimize the conventional or column flotation tests. 
 
Following the laboratory studies, a full-scale cavitation tube system was installed for the 
in-plant tests ahead of the StackCell flotation circuit. One variable at a time was varied 
during the in-plant studies to make a comparison between the operating conditions. 
During this study, coal from the Peerless seam was evaluated during the in-plant studies, 
which has significantly better flotation characteristics than that of the Coalburg coal. The 
overall methodology of the tests involving the cavitation pretreatment in the laboratory 
and in the field is shown in Figure 1.3. Test results for each coal type with and without 
the cavitation tube will be presented in comparison and the possible mechanisms 
involving these differences will be discussed. 
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Figure 1.3. Schematic illustration of the characterization study and the general flotation 
tests conducted for the evaluation of the cavitation feed pretreatment. 
During the second part of this research, tests were performed to investigate the impact of 
highly hydrophobic magnetic plastic particles on the separation performance achieved by 
the flotation process. The repeatability of the results from the previous research (Munoz-
Diaz, 2007) was tested using the same, or similar, procedures to validate the overall 
impact of the magnetic plastic particles. Coalburg coal samples from a different 
preparation plant than that of the previous study were utilized during these tests for 
upgrading the surface hydrophobicity of the coal particles through froth enrichment with 
the addition of highly hydrophobic plastic particles. Bituminous coal samples used in the 
flotation tests were analyzed for particle size distribution and proximate analysis 
following the sample preparation methods shown in Figure 1.4. The results of the release
analysis were used to determine the theoretical achievable separation limits of the feed 
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material by flotation, which were used as a benchmark for comparison purposes in 
subsequent tasks. 
Figure 1.4. Schematic illustration of the feed characterization study and the general 
flotation tests conducted using different coal sources to evaluate the impact 
of magnetic plastic particles. 
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The plastic material contained about 70%, magnetite, which resulted in easy recovery by 
a magnetic separator. Following each flotation test, concentrate material from the 
conventional and column flotation tests were passed through the magnetized chamber of 
the magnetic separator three times to ensure the complete recovery of the magnetic 
particles that were adhered on the coal surfaces. 
 
The degree of hydrophobicity in the coal changes as a function of particle size, which is 
related to the various maceral types associated with the coal. Since the density of a 
particle depends on the coal and mineral matter content, the hydrophobicity of the feed 
material decreases as the mineral matter content increases due to the density differential.  
As a result of the hydrophobic material addition, the impact on the flotation 
characteristics of the weakly floatable Coalburg will be assessed and compared to the 
findings from the previous research (Munoz-Diaz, 2007). 
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CHAPTER 2 
2. FLOTATION RECOVERY: LITERATURE REVIEW 
 
2.1. INTRODUCTION 
 
The success of the flotation process depends on the capture and transfer of hydrophobic 
particles by air bubbles from the collection zone to the froth zone. The overall flotation 
recovery is a function of both the collection recovery and the froth zone recovery, which 
can be formulized by the following expression (Falutsu and Dobby, 1989): 
      
 
ROverall =
RCRF
1− RC + RCRF
                (2.1) 
  
where RC is the collection zone recovery, RF is the froth zone recovery and ROverall is the 
overall recovery.  
 
Although recent research has focused on the recovery mechanisms in the froth zone, a 
very detailed understanding of the collection zone process has been realized from more 
than a century of research. The main processes in the collection zone involve collision, 
attachment and detachment mechanisms between the bubbles and the particles. 
 
2.2. COLLECTION ZONE RECOVERY 
 
Single bubble-particle collision rate in a fluid of zero viscosity, n (sec-1), was first derived 
by Sutherland (1948) based on the potential flow conditions, which will be discussed 
later, with the following relationship: 
  
n = 3πRpRbubNp                            (2.2) 
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in which Rp and Rb are the particle and bubble radii (cm), respectively, ub is the bubble 
rising velocity (cm/s) and Np is the particle concentration in the cell (cm-3). 
 
The rate at which this separation occurs due to true attachment in the collection zone is 
known as the flotation rate, k (min-1). In other words, the flotation rate is a measurement 
of how fast a particle is recovered in the collection zone. After manipulating Eq. (2.2) to 
include several other parameters that contribute to the flotation process, Sutherland 
(1948) developed the first flotation rate model with the following expression: 
  
dNt
dt
=
9RpQH
4Rb
2
PaPdNt
                
(2.3) 
  
where Nt is the total number of mineral particles in the cell, Q is the gas flow rate 
(cm3/sec), H is the height of the collection zone (cm), and Pa and Pd are the probability of 
attachment and detachment, respectively.  
 
Upon integration of Eq. (2.3) and substitution with the commonly used variables, the 
more recognized first-order expression is obtained to determine the collection zone 
kinetic flotation rate, kc (Yoon et al., 1989; Gorain et al., 1995; Yoon and Mao, 1996; 
Gorain et al., 1997; Deglon et al., 1999; Heiskanen, 2000): 
  
kc =
3Vg
2Db
P  (2.4) 
 
where Vg is the superficial gas velocity, Db is the bubble diameter, and P is the 
probability of flotation.   
 
The ultimate recovery of a given mineral species in the collection zone is a function of 
flotation rate, retention time and the hydrodynamic parameters combined. The capture 
and transfer mechanisms controlling the flotation recovery rate, and thus the recovery, are 
dominated by two factors, i.e., superficial gas velocity and bubble diameter. It is clearly 
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indicated from Eq. (2.4) that increasing the amount of air (Vg) in the flotation system has 
a positive effect on flotation rate as well as increasing the probability of flotation.  
Superficial gas velocity, Vg, is a measure of the aeration ability of a flotation cell, which 
is defined as the volume of air passing a unit cross-section of a cell in the pulp per unit 
time: 
 
Vg =
Q
Ac
                
 
(2.5) 
 
where Q is the gas flow rate and Ac is the cross-sectional area.  
 
Bubble size is another important factor governing the flotation performance, which is a 
measure of the air dispersion in the flotation cell. In mechanical cells, bubbles are usually 
generated by shear action of the impeller; thus, bubble size is dependent on both airflow 
rate and impeller rotation speed. As such, bubble size cannot be controlled independently 
of cell turbulence. The bubbles used in a column are usually generated within the size 
range that maximizes interfacial surface flux and collection intensity through the vessel. 
 
Eq. (2.4) suggests that smaller bubbles result in higher rate values, and thus, increased 
flotation recoveries, by carrying more mineral particles per unit volume of air. On the 
other hand, larger bubbles may be caused by the combination of high superficial gas 
velocities and poor shearing action of the bubble generators (Gorain et al., 1995). Bubble 
surface area flux, Sb, is the amount of bubble surface area rising up a flotation cell per 
cross sectional area per unit time and defines the effectiveness of bubble-particle collision 
and the froth recovery due to attachment. An expression has been derived for Sb, which 
incorporates both the superficial gas velocity and the bubble size (Yoon et al., 1989): 
 
Sb =
Vg
π Db
3
6
πDb
2 =
6Vg
πDb
3
πDb
2 =
6Vg
Db            
(2.6) 
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Combining Eqs. (2.4) and (2.6) shows that Sb plays a key role in the flotation efficiency 
and at shallow froth depths is linearly proportional to the first order flotation rate constant 
and thus to the flotation recovery. The strong correlation between the bubble surface area 
flux and the flotation rate constant can be expressed as (Deglon et al., 1999): 
 
kc =
1
4
SbP               (2.7) 
 
Although Heiskanen (2000) questions the validity of this correlation and the relationship 
between the effect of bubble surface area flux and the particle size, Gorain et al. (1997) 
clearly showed the overall importance of the bubble surface area flux on the recovery of a 
flotation process in Figure 2.1. As a result, one can conclude that an increase in bubble 
surface area flux improves the recovery rate in the pulp zone of a cell. However, in the 
presence of excessive air, the recovery rate in the pulp zone can decrease due to ‘boiling’. 
Gorain et al. (1995) suggests that it is also important to control both airflow rate and 
impeller speed to produce correct bubble sizes to perform at high bubble surface area flux 
values and, in turn, achieve high recovery values. This finding is in agreement with the 
early studies by Schubert and Bischofberger (1978) and Ahmed and Jameson (1989), 
which suggest that flotation rate constants are dependent on bubble size and impeller 
speed. Later studies by Gorain et al. (1999), Deglon et al. (2000), Power et al. (2000) and 
Yianatos et al. (2001) have advocated that bubble surface area flux and air dispersion are 
key machine and hydrodynamic variables for flotation cells, respectively. 
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Figure 2.1. The relationship between the bubble surface area flux and zinc recovery over 
a range of impeller types and resulting speeds (after Gorain et al., 1999). 
2.2.1. Probability of Flotation 
The efficient capture of hydrophobic particles by air bubbles through bubble-particle 
collision, attachment, and detachment are the most critical steps in the flotation process. 
The probability of flotation, P, defines these three sub-processes that occur in the 
collection zone as a stochastic function: 
(2.8) 
where PC , PA and PD are defined as the probability of bubble-particle collision, 
attachment and detachment, respectively. 
In order to represent the success of effective particle separation by froth flotation using a 
probability function, Schuhmann (1942) first introduced the bubble-particle collision and 
attachment concepts. Later, Sutherland (1948) took bubble-particle detachment into 
account, while Tomlinson and Fleming (1963) considered the probability of a particle to 
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remain in the froth. The overall effect of P on the flotation rate depends on the individual 
governing factors and the combined influence of each of these sub-processes. 
 
2.2.2. Probability of Collision 
For a bubble moving relative to the liquid, the liquid movement around the bubble forms 
streamlines. The effectiveness of a bubble sweeping these streamlines completely is 
related to the probability of bubble-particle collision, PC, which is also known as the 
collision efficiency (Sutherland, 1948).  
 
Recovery of fine particles in flotation predominantly depends on the probability of 
collision. Since ultrafine particles follow the same streamlines due to limited inertia with 
bubbles, it results in low collision efficiencies, and thus, poor flotation performances 
(Nguyen et al., 1997; Rubinstein and Samygin, 1998; Yoon, 2000).  
 
According to Sutherland (1948), a bubble rising vertically through the pulp with a radius 
of Rb will collide with all particles of a radius Rp that are contained within the streamline 
limiting radius of Ro as shown in Figure 2.2. Particles of sufficient momentum due to 
their size and/or density will penetrate the streamlines and collide with the bubble, when 
RO= Rb. As a result, the probability of bubble-particle collision can be written as: 
 
PC =
RO
Rb
⎛
⎝
⎜
⎞
⎠
⎟
2
                  (2.9) 
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Figure 2.2. Illustration of bubble-particle collision efficiency mechanism with a particle 
moving past a bubble in a liquid streamline  (Yoon and Luttrell, 1989). 
The limiting radius associated with the streamlines, RO, is a function of the resulting 
hydrodynamic conditions due to three main flow conditions as the fluid passes around the 
bubble surface. In addition to Gaudin`s (1957) and Sutherland`s (1948) studies on Stokes 
and potential flows, respectively, Weber and Paddock (1983) and later Yoon and Luttrell 
(1989) provided a relationship between the bubble size and probability of collision under 
intermediate flow conditions, i.e.,  
Stokes Flow (Gaudin, 1957): 
(2.10) PC =
3
2
Rp
Rb
⎛
⎝
⎜
⎞
⎠
⎟
2
=
3
2
Dp
Db
⎛
⎝
⎜
⎞
⎠
⎟
2
Re→ 0, viscous fluid
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Potential Flow (Sutherland, 1948) 
                
       
(2.11) 
 
Intermediate Flow (Weber and Paddock, 1983) 
 
  0<Re<300        (2.12) 
 
Intermediate Flow (Yoon and Luttrell, 1989) 
 
            
(2.13) 
 
where Rp and Rb are particle and bubble radii, respectively, and Re is the bubble/particle 
Reynolds number.  
 
The bubble Reynolds number describes the flow around the bubble and can be quantified 
by the following expression: 
 
Reb =
ρlUtdb
μ              
(2.14) 
 
where ρl is the liquid density, Ut the bubble terminal velocity, db the bubble diameter and μ 
is the liquid viscosity (centipoise). 
 
The effect of bubble size and Reynolds number on collision probability from Eq. (2.13), 
can be summarized by the following generalizations in which the trend is, as bubble size 
gets larger, Pc becomes less dependent on Db (Yoon, 1993; Yoon, 2000): 
PC =
3
2
Rp
Rb
⎛
⎝
⎜
⎞
⎠
⎟ Re→∞, inviscid fluid
PC =
Rp
Rb
⎛
⎝
⎜
⎞
⎠
⎟
2
3
2
1+
(3 /16)Re
1+ 0.249Re 0.56
⎡
⎣⎢
⎤
⎦⎥
PC =
Rp
Rb
⎛
⎝
⎜
⎞
⎠
⎟
2
3
2
+
4Re0.72
15
⎡
⎣
⎢
⎤
⎦
⎥
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•   for small bubbles with Re<<1, 
• for large bubbles. 
• for very large bubbles. 
The intermediate stream function for quiescent conditions modeled and derived in Eq. 
(2.13) was verified by Yoon and Luttrell (1993) for PC by using a very hydrophobic 
ultrafine coal sample, i.e., 11.4 microns, as shown in Figure 2.3. 
Figure 2.3. Probability of collision in a flotation column system as a function of bubble  
size (Yoon and Luttrell, 1993). 
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Although there are differences in their approach, the comparison of Yoon and Luttrell`s 
(1989) data using Eq. (2.13) was in agreement with Weber and Paddock`s (1983) 
predictions from Eq. (2.12). The relationship in Eq. (2.13) was also found to be accurate 
on micro-turbulence models for perfectly mixed conditions (Schubert and Bischofberger, 
1979; Yoon, 2000). Derjaguin and Dukhin (1961) described the bubble-particle collision 
theory based on a model which suggests that, before a particle can adhere on the surface 
of an air bubble, it must pass through three zones, i.e., hydrodynamic, diffusion-phoretic 
and wetting zones. The distinct interaction forces in these zones influence the particle 
first to collide and later to adhere to the bubble (Dai et al., 2000). 
 
Hydrodynamic force is dominant when a big particle moves toward a bubble. In this case, 
particle inertial and gravitational forces act on such particles. For fine particles near the 
bubble, diffusio-phoretic forces play a major role on the particles as a result of adsorbed 
ions (or surfactants) on the bubble surface. The electrical field formed between the 
bubble and the particle suggests that reducing the particle zeta potential can improve 
collision properties (Erepan, 2004).  
 
2.2.3. Probability of Attachment 
Since maximum collision efficiency is desired between the bubbles and the particles in a 
flotation system, it is generally agreed that the collision mechanism is the dominant factor 
controlling the recovery of valuable material. As such, collision mechanism is often 
regarded as the rate-determining step in froth flotation for ultrafine particles and is not a 
selective process (Weber and Paddock, 1983; Yoon and Luttrell, 1989). 
 
Although it is desirable for all particles in the feed to collide with a bubble (100% 
collision efficiency), it is not desired that all collisions result in bubble-particle 
attachment. As such, the bubble-particle attachment process determines the selectivity of 
a flotation system in which the probability is a function of hydrophobicity and surface 
forces that interact between interfaces upon approach and can be represented by the 
following expression: 
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PA = Aexp −
VT ,max
kBT
⎛
⎝
⎜
⎞
⎠
⎟            (2.15) 
 
where A is a function of surface coverage, VT,max is the maximum interaction energy 
occurring between the interfaces upon approach, kB is the Boltzmann constant and T the 
temperature.  
 
Thus, Vt,max represents the energy barrier or activation energy to overcome for successful 
attachment between bubble and particle, which occurs at a particle-particle separation 
distance, HC, that is a function of the interfacial and solution chemistry. 
          
In other words the probability of attachment, PA, is related to the kinetic energy of a 
particle approaching a bubble, Ek, and the energy barrier for the bubble-particle adhesion, 
E1, as given by (Luttrell and Yoon, 1992; Mao and Yoon, 1997): 
 
⎟⎟
⎠
⎞
⎜⎜
⎝
⎛
−=
k
l
A E
EP exp            (2.16) 
 
To increase the probability of attachment, PA, Eq. (2.16) suggests that the energy barrier, 
E1, needs to be decreased and the kinetic energy, Ek, must be increased. These conditions 
can be achieved through increased particle hydrophobicity and by providing high-shear 
mixing in the system, as suggested by Weiss and Schubert (1988) and, Jameson (2010) 
for increased flotation rates to benefit the fine particle recovery.  
 
2.2.3.1. Energy Barrier for Attachment 
The energy barrier for bubble-particle attachment, E1, comes from surface forces, which 
are modeled using the extended DLVO (Derjaguin, Landeau, Verwey and Overbeek) 
theory as shown in Figure 2.4. The magnitude of the surface energies between two 
interfacial boundaries, or the total interaction energy, can be given by (Israelachvili and 
Pashley, 1984; Xu and Yoon, 1990): 
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           (2.17) 
 
where VT is the total interaction energy (potential energy), VD the van der Waals 
dispersion energy, VE the electrostatic interaction energy and VS is the structural 
interaction energy (or VH, the hydrophobic interaction energy), which is the additional 
term to the classical DLVO theory modeled by Israelachvili and McGuiggan (1988). 
 
The total potential energy, VT, interacting between two hydrophobic particles in a 
medium is equivalent to the Gibbs free energy of the system.  Thus, a negative value for any 
interaction energy represents an attractive interaction and a positive value represents a 
repulsive interaction.  
 
Upon the approach of a particle and bubble, the existence of a positive electrostatic energy 
for surfaces of like charge causes repulsion. The repulsive response increases until the 
attractive hydrophobic force becomes dominant and the maximum interaction energy, E1, 
occurs at the separation distance or the critical rupture thickness, HC. At separation 
distances below HC, the surface energy drops continuously. As a result, a successful 
bubble-particle attachment occurs by overcoming this interaction energy barrier (Sherrell, 
2004). 
VT =VD +VE +VS
29
Figure 2.4. Total interaction (or potential) energy vs. distance diagram for the extended  
DLVO theory (Sherrell, 2004). 
 
The van der Waals dispersion energy, VD, is a function of the electromagnetic variation 
between two particles, which has an inverse power law dependence on their separation. 
In general terms, VD can be attractive or repulsive, and is always attractive between two 
similar solid particles immersed in a liquid. When these two solid bodies are adequately 
close to each other, VD results in an attractive force, which depends on the geometry of 
the space separating them (Fan, 2008). When the dielectic constant of the medium is 
between the dielectic constants of the two interacting bodies, the dispersion force is 
repulsive. This is the case for bubble-particle interactions. 
Another way to decrease the energy barrier for the bubble-particle adhesion is by 
decreasing the electrostatic repulsion between the particle and the bubble. Fuerstenau 
(1957) showed that the maximum flotation response is achieved at the point of zero 
charge (p.z.c.) of a particle, which refers to the pH for which the surface charge, σo, is zero. 
Similarly, Derjaguin and Shukakidse (1960) showed that the particle floatability increases 
with decreased zeta (or electrokinetic) potential, ζ, which is commonly used as an estimate 
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of the surface potential, ΨO, in colloid chemistry studies by using low electrolyte 
concentrations. 
 
The electrostatic interaction energy, VE, is a result of the various mechanisms that cause 
the development of surface charge phenomenon. For many inorganic and biological 
surfaces, surface charges are developed dependent upon primarily the pH and also the 
adsorption of charged ions and the presence of permanent structural charge (especially 
for clays) (Sposito, 1989). The overall surface charge is represented as the balance of the 
dissolved counter-ions in the solution. These counter-ions are attracted to a particle 
surface through an electric field, which forms the electrical double-layer around the 
particle the surfaces in an aqueous solution (Stumm, 1992; Butt et al., 1995). 
 
The electrostatic interaction energy, VE, occurs as a result of the osmotic pressure that 
exists when the ion clouds surrounding a charged particle surface overlap when they 
approach each other. The resulting interaction may be attractive if the ion clouds are 
comprised of oppositely charged ions, or repulsive when the ion clouds have the same 
charged ions. VE varies exponentially depending on the distance between the two 
particles and shows a strong correlation with the particle surface charge densities and the 
ionic strength of the immersed liquid. 
 
In addition to hydrodynamic forces, the movement of fine particles toward a bubble is a 
function of both diffusional and electrophoretic forces, i.e., diffusiophoretic forces. In the 
wetting zone, relatively weak forces, such as van der Waals and electrostatic forces, act 
to encourage collision of fine particles with bubbles. As a result, fine particles with 
limited inertia may adhere on the surface of air bubbles without penetrating the thin 
wetting film (Ahmed and Jameson, 1989; Nguyen et al., 1997; Dai et al., 2000; Yoon, 
2000). 
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The structural interaction energy, VS, results from the structure of the water molecules in 
the liquid boundary layers around a solid. The structural interaction can be either attractive 
or repulsive, depending on the nature of the interaction between the solid surfaces and the 
water molecules (Israelachvili and McGuiggan, 1988). On the other hand, Xu and Yoon 
(1990) found that hydrophobic interaction energy, VH, is attractive and decays 
exponentially. In addition, it operates at much longer separation distances than the van 
der Waals dispersion energy, VD. The hydrophobic interaction energy, VH, is recognized 
as the major attractive force between bubbles and strongly hydrophobic particles whereas 
electrostatic interaction energy, VE, is regarded as the primary repulsive force (Yoon and 
Mao, 1996; Yoon and Aksoy, 1999). 
 
Rabinovich and Yoon (1994) hypothesized that the attractive hydrophobic interaction 
force (VH) can be quantified by the following relationships:  
 
VH = −
RpRb
6 Rp + Rb( )
K132
HC  
(2.18) 
 
where K132 the magnitude of hydrophobic interaction in a three-phase contact (1-particle, 
2-bubble, 3-liquid). 
 
The hydrophobic force parameters for particle-particle interaction (K131) and for bubble-
bubble interaction (K232) can be combined to determine the magnitude of hydrophobic 
interaction in a three-phase contact, K132 (Yoon and Mao, 1996; Yoon et al., 1997): 
 
            (2.19) 
 
2.2.3.2. Kinetic Energy, Ek 
The depth of the primary minimum in Figure 2.5 is equal to the Gibbs free energy of the 
system (ΔG), which is also referred to as the energy of adhesion. In order for coagulation to 
occur between two interacting bodies in the primary minimum, the energy barrier must be 
either non-existent or overcome by external energies, i.e.,  
K132 = K131K232
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          (2.20) 
 
where Vk is the kinetic energy supplied by mechanical and thermal agitation (or by 
Brownian motion). From this expression, bubble-particle attachment is considered to 
occur in Eq. (2.16) when the kinetic energy of the particle, Ek, is larger than the energy 
barrier, El, determined by the surface forces involved in the bubble-particle interaction.  
 
The kinetic energy of a particle approaching a bubble, Ek, or kinetic energy for 
attachment in this case, can be determined by assuming the flotation process under 
laminar conditions as shown in Figure 2.5. When a particle collides with bubble at the 
very top, i.e., α=0, all the kinetic energy will be utilized to thin the bubble-particle film. 
However, when the particle hits the bubble with an angle, i.e., α>0, only a portion of the 
kinetic energy will be used for this process. The maximum kinetic energy for the film 
thinning process may be determined from the radial velocity of the particle, urp, since the 
resisting hydrodynamic and surface forces are acting along the radial direction. Particle 
rising (radial) velocity would be equal to the liquid radial velocity, ur, when a particle 
(with no inertia) is located at a sufficient distance to the bubble. For a closer distance 
between a particle and a bubble, particle radial velocity, urp, will decrease due to 
hydrodynamic resistance (drag) force. 
VT ,max =VD +VE +VS <VK
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Figure 2.5. Grazing streamline for a particle approaching a bubble surface, where utp, is 
the particle tangential velocity (Yoon and Mao, 1996). 
Bubble-particle attachment also occurs due to the existence of a secondary energy 
minimum (E2), which is depicted in Figure 2.6. In this case, attachment may occur 
without forming a three-phase contact line at E2, where the inter-particle equilibrium 
distance is H2, when the kinetic energy of a particle approaching a bubble, Ek, is smaller 
than that of E1 and E2 (Derjaguin and Dukhin, 1969). This attachment phenomenon, i.e., 
contactless flotation, is thought to be limited for very small particles with relatively low 
hydrophobicity. 
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Figure 2.6. Potential energy and distance relationship for the bubble-particle interaction 
that determines the work of adhesion, and thus the attachment process 
(Yoon and Mao, 1996). 
The three-phase contact line will be formed (at Hc=0) after the thin film ruptures between 
the bubble and the particle, when the kinetic energy, Ek, is larger than E1 and E2, but 
smaller than the sum of work of adhesion, WA, and E1. The thin film ruptures 
spontaneously when the surface forces become negative (F=-dV/dHc) between the 
particles and the bubbles. This is only possible when the particle kinetic energy is equal 
to or larger than that of the energy barrier within the distance of H1, which is referred to 
as the critical rupture thickness. Therefore, Ek ≥ E1 is the necessary condition for the 
bubble-particle attachment to occur (Yoon and Mao, 1996).  
The initial kinetic energy term used in the probability of attachment in Eq. (2.16) 
considers a fraction of the kinetic energy for distributed particle Ek values, which is used 
to thin the bubble-particle film at H1. For the particles at various initial locations 
approaching a bubble from far away distances, Eq. (2.21) was developed to calculate 
35
kinetic energy term, Ek, at H1 (Yoon and Mao, 1996):  
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where ρs and ρm are solid and medium densities, respectively. 
2.2.3.3. Thermodynamics of Wetting 
In order for the bubble-particle attachment to be thermodynamically favorable, for any 
finite value of the contact angle, there must be a net decrease in the energy of the system. 
The change in the free energy accompanying the replacement of a unit area of the solid-
liquid interface by a solid-gas interface is given by Dupree’s equation: 
ΔG = γSV −γLV −γSL < 0  (2.22)
 
where ΔG represents the net change in Gibbs free energy and γLV, γSL, γSV are the interfacial 
surface tensions at the liquid/vapor, solid/liquid and solid/vapor interfaces, respectively, 
which can be shown in Figure 2.7 after the contact of the interfaces. 
Figure 2.7. The three-phase contact for a liquid droplet on a solid surface in vapor. 
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The general thermodynamic condition for three-phase contact is defined by Young’s 
equation, which describes the equilibrium between interfacial energies as follows: 
 
γSV −γSL = γLV cosθ
        
(2.23) 
 
in which θ is commonly referred to as the contact angle and is measured through the liquid, 
as shown in Figure 2.8.   
 
Substituting Eq. (2.23) into Eq. (2.23) yields to the Young-Dupree equation: 
 
ΔG = γLV cosθi +γSL −γLV −γSL
= γLV cosθi −1( ) < 0
           (2.24) 
 
This equation can be used as a criterion for flotation, i.e., a negative  value is required 
for bubble-particle attachment and thus the more negative the value of , the greater 
the probability of flotation.  
 
The contact angle has been correlated with flotation for a number of different mineral 
systems. The floatability of a mineral often increases with increasing contact angle. As 
shown above, contact angle is a function of the three interfacial surface tensions, i.e.,  
 
cosθi =
γSV −γSL
γLV
.
           
(2.25) 
 
Minerals with θ>0 are hydrophobic to some degree, which means that the solid surface has 
higher affinity for air than water. Examples of naturally hydrophobic minerals are coal, 
sulfur, talc, graphite and molybdenite. However, most minerals are naturally hydrophilic (or 
aerophobic) and require surface chemicals, such as collectors, to become hydrophobic.  
 
 
 
GΔ
GΔ
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For sufficiently hydrophobic particles, the attractive surface forces help the liquid film 
between the bubble and the particle first to thin and finally to rupture for the attachment 
to take place, which is followed by the establishment of the three-phase, i.e., solid-liquid-
air, contact line, as shown in Figure 2.8. 
Figure 2.8. Spreading between solid, liquid and gas interfaces depending on their surface 
tensions. 
A hydrophobic solid is defined as one that yields a negative spreading coefficient when in
contact with water, which can be identified by the work of cohesion, WC, and the work of 
adhesion, WA, respectively, from the following equation: 
WC = 2γL and WA = γS +γL −γSL    (2.26) 
where γL, γS, and γSL are the interfacial surface tensions at the liquid, solid and solid-liquid 
interfaces, respectively. 
Substituting Young's Equation (Eq. (2.24)) into WA equation yields to:
WA = γLV + γLV cosθ +γSL( )−γSL
= γLV cosθ +1( )
   (2.27) 
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If the liquid is to spread on the solid than 
 
S =WA −WC > 0
               
(2.28)  
 
or  
 
S = ΔG = γSV −γLV −γSL > 0             (2.29)  
 
where S is commonly referred to as the spreading coefficient, which needs to be a negative 
value for a hydrophobic solid as mentioned above, with the following relationship: 
 
WA <WC
            
(2.30) 
 
The work of adhesion equation can be defined as follows for a solid/water system: 
 
 WA = γS +γW −γSW =WA
d
+WA
nd            (2.31) 
 
where WAd and WAnd are the dispersion (or the London dispersion) and the non-dispersion 
(or polar) components of the work of adhesion, respectively, and γSW is the solid-water 
interfacial surface tension. 
 
The non-dispersion component is a function of the chemical nature of the solid and water 
and, thus, is the unknown variable.  The dispersion component of the work of adhesion can 
be determined by: 
 
WA
d = 2 γW
dγ dS
            
(2.32) 
 
where γdW is the dispersion coefficient on water and γdS the dispersion coefficient on solid. 
 
Solving Eq. (2.32) for WAnd and substituting Eq. (2.32) yields to: 
 
WA
nd = γS +γW −γSW − 2 γW
dγ dS
          
(2.33) 
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Introducing Young's equation yields to: 
 
WA
nd = γW 1+ cosθW( ) − 2 γWdγ dS
         
(2.34) 
 
Since a hydrophobic solid is characterized by WA < WC one can generalize that small values 
of WAnd denotes a high degree of hydrophobicity (i.e., weak-to-strong) and large values 
indicates a weakly hydrophobic or hydrophilic solid. Thus, Eq. (2.34) shows that the values 
of both the contact angle (θW) and the dispersion coefficient on solid (γdS) are required 
characterizing the hydrophobicity of a solid.   
 
2.2.3.4. Induction Time 
In addition to determining the probability of bubble-particle attachment from the energy 
balance of the particle and the bubble surface, i.e., hydrodynamic and surface forces, the 
attachment mechanism on the bubble surface can be also explained from the illustration 
in Figure 2.6. Upon collision, particles must penetrate through a water film covering the 
bubble to achieve attachment. Thus, the rate of penetration is determined by the energy of 
attraction between the particle and bubble. 
 
During the bubble-particle attachment process, the sliding time, ts, is known as the period 
that the particle takes to slide on the bubble surface toward the equator. The induction 
time, ti, is known as the time needed both to penetrate, thin and rupture the bubble-
particle liquid film and to expand the three-phase contact line to form a wetting perimeter 
and successfully achieve a bubble-particle attachment process. Flotation as a result of a 
successful attachment occurs only when the induction time is less than the sliding time 
(or contact time, with the addition of collision time). As shown in Figure 2.6, RO 
represents the limiting radius in which particles with sufficient hydrophobicity will attach 
to the bubble. For highly-hydrophobic particles, the limiting radius will be quite large due 
to low induction time values, which can be measured experimentally under a given set of 
conditions. On the other hand, weakly-hydrophobic particles need to strike the bubble at 
the top. By adding collectors and/or adjusting solution chemistry, it may be possible to 
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reduce the induction time of a weakly-hydrophobic solid, thereby improving the 
probability of attachment as shown in Figure 2.9. 
The probability bubble-particle attachment, PA, can be expressed as the ratio of the 
limiting radius to the sum of the bubble and particle radii, which was defined as the 
fraction of particles in the path of the bubble that were actually attaching to the bubble 
(Yoon and Luttrell, 1989): 
PA =
RO
2
Rp + Rp( )
2    (2.35) 
Figure 2.9. Effect of bubble size on the attachment probability of a fine size particle for a  
range of induction times (after Yoon and Luttrell, 1989). 
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PA can be also written in terms of the tangential velocity of the streamline (ut) passing by 
the bubble, which is associated with the limiting angle (θO): 
 
PA = sin
2θO             (2.36) 
 
Based on the flow conditions characterized by the Reynolds number, appropriate 
hydrodynamic conditions have been modeled by Yoon and Luttrell (1989) such as in Eq. 
(2.13) for the intermediate stream function and derived for PA as: 
 
PA = sin
2 2 tan−1 exp
− 45+8Re0.72( )ubti
15Db Db /Dp +1( )
⎛
⎝
⎜
⎜
⎞
⎠
⎟
⎟
⎡
⎣
⎢
⎢
⎤
⎦
⎥
⎥           (2.37) 
 
where ub  is the bubble rise velocity.  
 
Following conclusions can be made as a result of the predicted trends from the previous 
studies on bubble-particle attachment (Yoon and Luttrell, 1989; Ralston and Duhkin, 
1999; Yoon, 2000): 
i. Small induction times and increased particle hydrophobicity result in high PA 
values; 
ii. PA decreases with increasing particle size (Dp), which suggests that coarse 
particles are more difficult to attach the air bubbles. Similarly, lower tangential 
velocities due to small particle sizes increases PA. 
iii. Smaller the bubble rise velocity, ub, as a result of decreased bubble size increases 
PA, which also increases the sliding time, ts.   
iv. However, for bubble sizes around 350 microns, a further decrease in the bubble 
size becomes unfavorable for the PA due to a decrease in the sliding distance, 
which makes the sliding time smaller than the induction time. 
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2.2.4. Probability of Detachment 
Similar to the attachment process after bubble-particle collision, not all particles report to 
next successive level in flotation, i.e., the froth phase, upon a successful attachment. 
Particles detach from the bubble surface drop back into the collection zone when the 
particle kinetic energy is exceeded by the sum of work of adhesion, WA, and energy 
barrier for bubble-particle adhesion, Ei, which can be written similar to that of PA in Eq. 
(2.16) (Yoon and Mao, 1996; Mao and Yoon, 1997): 
PD = exp −
WA +El
Ek
'
⎛
⎝
⎜
⎞
⎠
⎟                  (2.38) 
where Ek′ is the kinetic energy that detaches the particle from the bubble surface and is 
not the same as Ek in Eq. (2.16) for bubble-particle attachment. 
Consider a solid spherical particle of radius Rp attaching on a bubble surface in liquid 
suspension as shown in Figure 2.10. Here, the particle radius is much smaller than the 
bubble surface, which is regarded to be flat compared to that of the particle. In addition, 
the curved area of the particle inside the bubble is shown as s2 (after the bubble-particle 
attachment process), while its projected area on the bubble surface is given as s1 (Yoon 
and Mao, 1996). 
Figure 2.10. A solid spherical particle of radius Rp attaching on a bubble surface in liquid 
suspension (Yoon and Mao, 1996). 
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Young`s equation for work of adhesion, WA in Eq. (2.27) can be rewritten as: 
    
WA = γLV s1 − s2 cosθ( )             (2.39) 
 
From the geometric relationship between the bubble and the particle in Figure (2.11), s1 
and s2 can be written as: 
            
s1 = π Rp sinθ( )
2
             (2.40) 
 
and  
 
s2 = 2πRp
2 1− cosθ( )2             (2.41) 
 
which can be substituted into Young`s equation to obtain: 
 
WA = γLVπRp
2 1− cosθ( )2                          (2.42) 
 
The expression for the probability of detachment can be written after substituting Eq. 
(2.42) into Eq. (2.38):                  
       
PD = exp −
γLVπRp
2 1− cosθ( )2 +El
Ek '
⎛
⎝
⎜
⎜
⎞
⎠
⎟
⎟ .          (2.43) 
 
As mentioned previously, the particle drop back to the pulp phase takes place when the 
detachment forces exceed the maximum attachment forces. Similar to the assumption made 
calculating the kinetic energy for attachment, Ek, laminar flow conditions could be 
considered to calculate the kinetic energy that tears the particle off the bubble surface, 
Ek′. 
 
Most of the particles on the bubble surface would be collected at the bottom, i.e., cap, while 
it rises through the flotation system, as shown in Figure 2.11. Particles in the cap area will 
be subjected to increased pressure due to liquid drag force when the angle representing the 
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cap area, θO, is large. French and Wilson (1980) found the pressure for the particle at the 
center of the cap as follows: 
p1 =
ρlgRb
2θO
3
  (2.44) 
 
where g is the gravitational force, and Rb is the bubble radius. The angle representing the cap 
area, θO, is considered to be a function of the bubble and particle size and the particle 
population in the cap. 
Figure 2.11. A cap of particles (Rp) collected at the bottom of a rising air bubble (Rb) 
(Yoon and Mao, 1996). 
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The kinetic energy of particle detachment from the bubble surface, Ek′, can be calculated as 
a function of the contact area, ϕ, between a particle (Rp) and the bubble and the cap 
pressure: 
 
Ek ' = p1φ               (2.45) 
 
where the contact area, φ  , between a particle and the bubble can be calculated as: 
 
φ = πRp
2 sin2θ              (2.46) 
 
where θ is the contact angle of the three-phase contact line between a particle and the 
bubble. After combining Eqs. (2.44) and (2.46) in Eq. (2.45), one can find out the kinetic 
energy for detachment, Ek′: 
 
Ek ' =
ρlgRb
2θO
3
πRp
2 sin2θ           (2.47) 
 
2.2.4.1. Force Balance for Detachment 
Similar to the bubble-particle interactions in the attachment process, such as the 
hydrodynamic resistance (drag) force, Fr, there are other forces between the attached 
particles and a bubble. In addition to Fr, the capillary force, Fp, the excess force, Fe, and 
the particle weight in the liquid medium, Fw are the major acting forces (Drzymala, 1994; 
Cheng and Holtham, 1995; Ralston et al., 1999a, b). Here, Fe is the difference between 
the excess pressure in the bubble and the hydrostatic force, which favor attachment and 
detachment, respectively. The following equations represent the force balance for the 
bubble-particle interactions (Tao, 2004): 
 
Fr = 6πRpurp
= 3πDpurp  
(Laminar conditions)                  (2.48)  
 
Fr =
Cdπ
8
ρlD
2
pu
2
rp  (Turbulent conditions)                  (2.49) 
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      (2.50)  
 
                         (2.51) 
 
           (2.52) 
 
where γ is the surface tension of the liquid, ρl, ρp and ρw are liquid, particle and water 
densities, respectively, Cd is the drag coefficient and θd is the critical contact angle for the 
three-phase contact line before detachment. 
 
From these four force categories, the capillary force, Fp, is generally considered as the 
major attachment force, while particle weight, Fw, and hydrodynamic resistance (drag) 
force, Fr, are known as the detachment forces. From Eqs. (2.48) and (2.49), it is clear that 
the drag force, Fr, is dependent on the velocity, which increases as the bubble-particle 
aggregate rises in a flotation system. In addition, similar to other major forces, Fr is also 
directly proportional to the particle size, suggesting that coarse particles, or bubble-
particle aggregates, are more likely to detach from the bubble surfaces and result in low 
flotation recoveries compared to fine particles, which has been shown experimentally by 
Soto and Barbery (1991), Ralston et al., (1999a, b) and Ralston and Dukhin (1999). 
 
The role of excess force, Fe, is related to the relative magnitude of the aforementioned 
force balance, which is considered as the attachment force, since the bubble diameter in a 
flotation system is smaller than 5.5 mm under normal conditions (Tao, 2004). 
 
The force balance at the moment of detachment becomes the equilibrium of the sum of 
the capillary and excess forces and the sum of the particle weight and the drag force: 
  
            (2.53) 
Fp =
πDpγ (1− cosθd )
2
Fp =
1
4
πDp
2 (1− cosθd )
2γ
Db
−
ρwgDb
2
⎛
⎝
⎜
⎞
⎠
⎟
Fw =
1
4
πDp
3ρpg−
1
8
πDp
3ρwg
2
3
+ cos(
θd
2
)−
1
3
cos3(
θd
3
)
⎛
⎝
⎜
⎞
⎠
⎟
Fp +Fe( )− Fw +Fr( ) = 0
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The force balance equation becomes simpler after disregarding Fr, which is relatively 
negligible compared to Fw (Tao, 2004): 
          
              (2.54) 
 
As a result of the attachment and detachment forces acting on bubble-particle 
interactions, the probability of detachment may be written in terms of that force balance: 
          
PD =
1
1+Fat Fde
             (2.55) 
 
where Fat and Fde represent the total attachment and detachment forces, respectively.  
 
According to Eq. (2.55): 
 
PD = 0 when Fa >> Fde;  
PD = 0.5 when Fa = Fde;  
and PD = 1 when Fa << Fde. 
 
The total attachment and detachent forces can be calculated by using the Eqs. (2.50) – 
(2.52) (Tao, 2004): 
 
Fat
Fde
≈
3(1− cosθd )γ
g ρp − ρw 12+
3
4cos
θd
2( )⎛⎝⎜
⎞
⎠
⎟
⎛
⎝
⎜
⎞
⎠
⎟
1+
Dp
Db
D2p
                      (2.56) 
 
Substituting Eq. (2.56) into Eq. (2.55) gives the probability of particle detachment in 
terms of the force balance due to the bubble-particle interactions: 
      
Fp +Fe = Fw
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        (2.57) 
 
Deglon et al. (1999) empirically showed that the detachment rate constant, and thus the 
probability of detachment, increases with increased bubble and particle sizes, which can 
be also seen from Eqs. (2.57) and (2.58). As a result, one may suggest that coarse (plus 
150 microns), heavy and less hydrophobic particles, which will first detach from large air 
bubbles selectively, can be recovered through the use of very fine bubbles. On the other 
hand, detachment is considered not to be a major problem for ultrafine particles, or even 
for flotation-size particles (up to 100 microns) (Tao, 2004; Goel and Jameson, 2012). One 
needs to also remember that most of the abovementioned models are based on the 
interaction between a single particle and a single bubble, which does not represent the 
flotation system with countless particles and bubbles. Predicting the behavior of a 
bubble-particle interface for a real application is further complicated by several other 
factors, such as the effect of gas holdup, the interaction between the neighboring bubbles 
and the presence of bubbles on different layers, sizes and shapes. According to Tao 
(2004), the overall flotation probability, P, increases as a result of all these factors, which 
tend to straighten the liquid streamlines around a bubble. 
 
2.2.4.2. Maximum Particle and Bubbles Sizes 
The bubble-particle detachment subprocess ultimately determines the maximum 
recoverable particle size from a froth flotation process, which is a function of the degree 
of hydrophobicity and the surface charge.
 
Nguyen (2003) combined the equation derived 
by Schubert (1999) for the maximum stable bubble size with the work of Schulze (1982) 
on the maximum size of particle that could remain attached to a bubble that can be given 
as: 
PD =
1
1+
3(1− cosθd )γ
g ρp − ρw 12+
3
4cos
θd
2( )⎛⎝⎜
⎞
⎠
⎟
⎛
⎝
⎜
⎞
⎠
⎟
⎛
⎝
⎜
⎜
⎜
⎜
⎞
⎠
⎟
⎟
⎟
⎟
1+
Dp
Db
D2p
⎛
⎝
⎜
⎜
⎜
⎞
⎠
⎟
⎟
⎟
⎡
⎣
⎢
⎢
⎢
⎢
⎤
⎦
⎥
⎥
⎥
⎥
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        (2.58) 
 
where dp,max is the maximum particle size, bm is the machine acceleration and Δρ is the 
difference in density between the particle and the bubble.  
 
Although it is subject to certain limits, the maximum stable bubble size, db,max, can be 
generalized by Schubert`s equation (1999): 
 
           
(2.59) 
 
where Wec is the critical Weber number, and V is the volume of the liquid in the cell. 
 
Hinze (1955) suggested that a bubble would burst if the ratio of the inertial and surface 
tension forces exceeds the critical Weber number: 
 
           
(2.60) 
 
where  Ū2 is the mean square velocity difference between two points in the turbulent flow 
from a distance apart from the maximum bubble diameter, db,max, which can be obtained 
from Batchelor`s (1951) expression: 
        
                        
(2.61) 
 
where C1 is an empirical constant, and ε is the energy dissipation rate per unit mass in the 
liquid (ε=PiρLV, where Pi is the power input). 
 
dp,max =
−6γ sin(π −θ / 2)sin(π +θ / 2)
gΔρ + bmρp( )
⎛
⎝
⎜
⎜
⎞
⎠
⎟
⎟
1/2
db,max =Wec
3/5 γ
3/5
(P / ρLV )
2/5ρL
3/5( )
⎛
⎝
⎜
⎜
⎞
⎠
⎟
⎟
Wec =
ρU 2db,max
γ
U 2 =C1(εdb,max )
2/3
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By combining Eqs. (2.58) and (2.59), Nguyen (2003) improved the accuracy of the 
solutions to the Young-Laplace equation with the following simple equation to represent 
the maximum floatable particle size (Jameson et al., 2008): 
 
            
(2.62) 
 
Schulze (1982) assumed that the bubbles in an agitated solution behave as if they are at 
the center of a vortex and rotating with the vortex. Then, any particle on the surface of 
the bubble would experience a centrifugal force, which tends to move the particle away 
from the bubble. The rotational velocity was found using the isotropic turbulence theory 
and the machine acceleration, bm, is given by Schulze (1982):
        
                  
(2.63) 
 
From this equation, the value of bm is limitless with the increase in bubble size. However, 
there has to be a limit to the bubble size that can exist in the turbulent region of the cell. 
The shear force in the turbulent region, which is responsible for bubble-particle 
attachment and detachment, also limits the maximum bubble size that can remain stable 
in the liquid. As a result, it is expected that the shear force in the turbulent environment 
will limit the bubble size range that are relevant during the particle collection process 
(Jameson et al., 2008). 
 
It is assumed that the maximum bubble size that is generated in the cell is the limiting 
factor for the maximum particle size that can be recovered. Therefore, the equation 
developed by Parthasarathy et al. (1992) for the maximum bubble size (Eq.  (2.64)) can 
be inserted into Eq. (2.63) to find the machine acceleration value (Eq. (2.65)), as follows:  
 
dp,max =Wec
3/5 3γ (1− cosθ )
Δρ g+ bm( )
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟
1/2
bm =1.9
ε 2/3
db
1/3
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(2.64)
 
  
                         
(2.65) 
        
For bm >> g, substituting Eq. (2.65) into Eq. (2.62) yields the following approximate 
equation for the maximum floatable particle size (Jameson et al., 2008):  
 
       
(2.66) 
 
The process associated with the probability of detachment reflects a balance between the 
attractive adhesion forces and the gravitational (or centrifugal) force. According to this 
equation, coarse particle recovery can be enhanced with increased surface hydrophobicity 
(contact angle and surface tension) and decreased particle density. The expressions in 
Eqs. (2.42) and (2.41) clearly reflect the binding force acting to maintain contact, which 
is weak for particles having a low degree of surface hydrophobicity. In addition, a low-
shear flow environment will assist the capture of coarse particles since the energy 
dissipation rate, εi, is inversely proportional with the maximum floatable particle size 
(Jameson et al., 2008). 
  
The overall first-order flotation rate constant, k, can be rewritten by substituting the 
probability functions for collision (Eq. (2.13)), attachment (Eq. (2.16)) and detachment 
(Eq. (2.43)) into Eq. (2.7) to obtain (Yoon and Mao, 1996): 
 
k =
1
4
Sb
3
2
+
4Re0.72
15
⎡
⎣
⎢
⎤
⎦
⎥
Rp
Rb
⎛
⎝
⎜
⎞
⎠
⎟
2
exp −
El
Ek
⎛
⎝
⎜
⎞
⎠
⎟ 1− exp −
γLVπRp
2 1− cosθ( )2 +El
Ek '
⎛
⎝
⎜
⎜
⎞
⎠
⎟
⎟
⎧
⎨
⎪
⎩⎪
⎫
⎬
⎪
⎭⎪
            (2.67) 
 
 
db,max =
Wec
C1
⎛
⎝
⎜
⎞
⎠
⎟
3/5
γ 3/5
(P / ρLV )
2/5ρL
3/5( )
⎛
⎝
⎜
⎜
⎞
⎠
⎟
⎟
bm(db ,max) =1.9
ε 2/3
db,max
1/3
=1.28
εi
4/5ρL
1/5
γ1/5
dp,max =1.53
γLV
6/5(1− cosθ )
Δρεi
4/5ρL
1/5
⎛
⎝
⎜
⎞
⎠
⎟
1/2
 
52 
 
From the first order flotation rate constant (k) model developed by Yoon and Mao (1996), 
k is given as a function of both hydrodynamic parameters, i.e., radii of particle and 
bubble (R1, R2), kinetic energy of collision and detachment (Ek and E’k), Reynolds 
number (Re), and bubble surface area flux (Sb), and the surface chemistry parameters, i.e., 
energy barrier for bubble-particle attachment (E1), contact angle (θ) and surface tension 
of the flotation slurry (γlv). Williams and Crane (1983) found that the flotation recovery 
resulting from the bubble-particle contacting under turbulent conditions is a function of 
bubble and particle concentrations and the energy input into the system. 
 
2.2.5. Collection Zone Recovery Rate 
Collection zone transfer rate of hydrophobic bubble-particle aggregates to the froth zone 
is as a result of true attachment, which is known as the collection flotation rate, kc, from 
Sutherland`s (1948) expression in Eq. (2.2). One should note that kc and the 
corresponding recovery, RC, described in the equations below reflects the collection zone 
recovery values only. 
 
Levenspiel (1972) defined the collection zone recovery (Rc) of a given component as a 
function of kci, particle retention time (τP) and the hydrodynamic conditions by the axial 
mixing equation, i.e.,  
 
RC =1−
4Aexp
Pe
2
⎛
⎝
⎜
⎞
⎠
⎟
1+ A( )2 exp A
2
⎛
⎝
⎜
⎞
⎠
⎟Pe
⎡
⎣
⎢
⎤
⎦
⎥− 1− A( )
2
exp
−A
2
⎛
⎝
⎜
⎞
⎠
⎟Pe
⎡
⎣
⎢
⎤
⎦
⎥
      (2.68) 
 
where, 
 
A =
Pe+ 4kτ p
Pe            
(2.69) 
 
where Pe is the Peclet number, which is a measure of the axial mixing hydrodynamics of 
the system that has been quantified by Mankosa et al. (1992), i.e., 
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Pe =
L
D
⎛
⎝
⎜
⎞
⎠
⎟
0.53
Vt
1−ε( )Vg
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟
0.35
          (2.70) 
 
where L is the length of the collection zone (cm), D the diameter of the collection zone 
(cm), Vt the superficial tailing rate (cm/sec), Vg the superficial gas velocity (cm/sec), and 
ε the fractional gas hold-up in the collection zone (generally 20-30%). 
 
For a near perfectly-mixed reactor (L<<<D, Pe 0), the collection zone recovery 
equation becomes: 
 
  (2.71) 
 
For a near a plug-flow reactor (L>>>D, Pe ∞), the collection zone recovery 
expression reduces to: 
 
 (2.72) 
 
For a flotation system with both fast and slow floating particles, the recovery equation 
can be modified to incorporate the flotation rate of both components in which multiple 
flotation rates are typically associated with free and non-liberated minerals as proposed 
by Jowett (1974) and Lynch (1977): 
 
   (2.73) 
 
where c1  is the fraction of the fast floating component of the mineral, kc1 and kc2 are the 
flotation rates of components 1 and 2. 
 
The particle retention time, τp , can be estimated from the liquid retention time, τL, for 
the majority of the applications, using the following expression: 
⎯→
pc
pc
C k
k
R
τ
τ
+
=
1
⎯→
( )PcC kR τ−−= exp1
( ) ( )[ ] ( )[ ]
2222
exp1exp11 11 pcpcC τkcτkcR −−+−−−=
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  (2.74) 
 
For particles with significant settling velocities, the particle retention time, τp, can be 
determined from the following equation: 
 
τ P = τ L
Vt
1−ε( )
Vt
1−ε( )+up
⎛
⎝
⎜
⎜
⎜
⎜
⎞
⎠
⎟
⎟
⎟
⎟
. (2.75) 
 
In Eq. (2.75) up is the particle slip velocity between the water and the particle, which 
can be given by: 
 
up =
gD2p ρp − ρl( ) 1−ϕS( )
2.7
18μ(1+Re p
0.687 )
. (2.76) 
 
where φS is the volumetric concentration of solids. 
 
The particle Reynolds number, Rep, in Eq. (2.76) gives a dimensionless measure of the 
ratio of inertial forces to viscous forces from the following expression: 
 
Re p =
Dpupρl 1−ϕS( )
μ
.          (2.77) 
 
2.3. FROTH ZONE RECOVERY 
 
In the second phase of recovery in flotation process, the particle-bubble aggregate rises 
upward through the collection zone and into the froth zone. This is where the froth is 
formed at the top of the column and the final concentrate is generated. The concentrate in 
the froth consists of 70% to 80% air, which is a significant increase from 20% to 30% 
collection zone air fraction (Finch and Dobby, 1990). The retention time of the particles 
in the froth zone allows drainage of the feed pulp water from the froth which fills the 
( )
t
L V
L ε
τ
−
=
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voids between the bubbles. As a result, the water layer surrounding each bubble thins and 
bubbles coalesce upon the approach of the liquid-air interfaces, thereby causing a 
reduction in bubble surface area.  
 
Detachment of the particles occurs if the reduced amount of bubble surface area available 
in the froth zone is insufficient to carry the solids reporting from the collection zone. 
Coalescence causes liberation of particles from the bubble-particle aggregates, which 
have the potential to re-attach at a lower point in the froth o in the collection zone. 
Detached particles potentially move with the fluid into the collection zone. On the other 
hand, hydrophilic particles (strong affinity for water) slide over the bubble surface 
without attaching, descend downward to the tailings stream with the majority of the feed 
pulp. 
 
2.3.1. Froth Zone Recovery Rate 
Froth transfer rates, and thus the froth zone recovery, have a significant effect on the 
overall flotation kinetics, especially for the flotation systems employing deep froths. A 
particle may be collected in the collection zone and subsequently report to the froth zone. 
However, due to bubble coalescence and particle detachment, froth zone recovery may be 
less than 100 percent. An expression for froth zone recovery is: 
 
   (2.78) 
 
 
In most commercial flotation columns, RF is less than 100% due to a reduced launder lip 
length to unit cross-sectional area ratio as compared to the laboratory and pilot scale 
units. This causes greater travel distances for the froth, which favors bubble coalescence, 
reduced bubble surface area and decreased recoveries. Improperly designed conventional 
cells have areas of stagnation in the froth, which also results in low RF values, which 
can be also calculated using: 
 
RF =
Mass rate of particles reporting to the concentrate via true flotation
Mass rate of attached particles at the pulp− froth interface
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RF =
k 'f
k 'f + k
''
f
                        (2.79) 
 
where k’f is the froth transfer constant (min-1) and k’’f the drop-back rate constant (min-1) 
which can be quantified based on semi-batch (Laplante, 1980) and continuous flotation 
cell tests under steady-state conditions. 
 
2.4. OVERALL FLOTATION RECOVERY 
 
The mass transfer between the collection zone and the froth zone in a flotation cell is 
used to assess the effect on overall flotation recovery for a given mineral from linear 
analysis concept (Meloy, 1983) as shown schematically in Figure 2.12 where RC is the 
collection zone recovery due to flotation and RF is the froth zone recovery with respect to 
solids entering the froth attached to gas bubbles. 
 
Based on the recovery sub-processes and the application of linear analysis, Finch and 
Dobby (1990) proposed a mathematical expression for the overall flotation recovery, 
ROverall, as a function of RC and RF, i.e.,   
 
ROverall =
RCRF
RCRF + (1− RC )
                       (2.80) 
 
From the Eq. (2.81), the effect of RF on the overall recovery is clearly significant. One 
should also note that if the froth is operated such that 100% of the material reporting to 
the froth phase is recovered to the overflow, the ROverall is equal to the RC.  
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Figure 2.12. Illustration of the overall flotation recovery showing the interaction between  
collection and froth zones in a flotation cell.  
It can be shown that the overall recovery (ROverall) in a perfectly mixed continuous reactor 
can be determined used to expression: 
ROverall =
kcRFτ c
kcRFτ c +1
  (2.81) 
As previously discussed, detachment preferentially occurs for particles having a low 
degree of hydrophobicity which are typically low-grade particles. As such, these particles 
should experience lower RF values which should enhance the selectivity process.  
For example, consider particle species 1 and 2 with RC values at 80% and 40%, 
respectively. Collection zone separation efficiency can be quantified by the difference of 
RC values between these species, i.e., 40%. If the froth zone recovery values of species 1 
and 2 are 100% and 40%, respectively, the selective detachment in the froth zone 
increases the overall selectivity of the process to around 60% as shown in Figure 2.13. 
Unfortunately, coarse and high-density particles are also prone to detach which may 
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counter the selectivity gain with the loss of valuable coarse particles. The selective 
recovery of coarse particles is one of the objectives of this study. 
From Eq. (2.80) the overall recovery from a plug-flow reactor can be determined 
considering the two zone recoveries from i.e., 
ROverall =
1− exp(−kci.τ P )RF[ ]
1− exp(−kci.τ P )RF[ ]+1− 1− exp(−kci.τ P )[ ]
   (2.82) 
Equating Equations (2.80) and (2.82) above and solving for the overall kinetic rate (kfc): 
k fc =
1
τ P
ln exp(kc.τ P )RF +1− RF[ ]    (2.83) 
Figure 2.13. The impact of collection and froth zone recoveries on selectivity of the 
flotation process. 
0 
20 
40 
60 
80 
100 
0 20 40 60 80 100 
R
C
 (%
) 
ROverall (%) 
Rf=0.2 
Rf=0.4 
Rf=0.6 
Rf=0.8 
Rf=1 
 
59 
 
In the design of a flotation system, the overall kinetic flotation rate kfc is most desired, 
which represents the rates through the collection kc and froth kf zones. However, most 
standard kinetic tests are used with the goal of attaining the value of the collection zone 
rate since kfc is a function of time and thus not a true rate constant. 
 
The relationship between kfc and kc is a function of the hydrodynamic conditions. From 
experimental data, for plug flow conditions with high kc values, kc is found to be a good 
approximation of kfc regardless of the value of RF. However, due to the non-plug flow 
nature of commercial columns, typical L:D ratio of 2, RF is important to consider.  
 
As mentioned above, highly floatable particles that are detached in the froth zone are 
efficiently recovered in the collection zone. On the other hand, weakly hydrophobic 
particles have a low collection zone recovery and thus are less likely to be recovered in 
the collection zone.  As a result, reductions in froth zone recovery have a significant 
impact on the overall recovery of particles that have moderate-to-weak flotation 
characteristics. Therefore, the differential effect of froth zone recovery values between 
particles of varying floatability indicates an additional selectivity mechanism provided by 
the reflux action between the collection and froth zones. 
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CHAPTER 3 
3. EXPERIMENTAL 
 
3.1. CAVITATION FEED PRETREATMENT – LABORATORY STUDIES 
 
3.1.1. Sample Characterization 
Coal from two sources with different flotation characteristics were collected for the 
laboratory studies involving the feed pre-aeration concept using cavitation. Two separate 
samples from the Coalburg coal seams were collected from two active processing plants 
in West Virginia. The Coalburg seam coal is known to have difficult flotation 
characteristics. Coal from the Winchester seam was also collected for the study from a 
West Virginia preparation plant. The Winchester seam coal has excellent flotation 
properties and is used in the metallurgical market. The Coalburg coal is high-vol. 
bituminous coal whereas Winchester is mid-vol. bituminous coal. All three samples were 
collected in a 19-liter (5-gal.) bucket increments every 30 minutes from a flotation 
process stream in four 208-liters (55-gal.) drums simultaneously from each preparation 
plant ensure representative samples for the testing program. 
 
The Winchester coal sample was collected from an active preparation plant located in 
Raleigh County, West Virginia. The flotation circuit of the 650-t/h plant consisted of 
flotation columns which processed for about 10% of the plant feed at 150 x 45 micron 
size range. The overall plant yield was about 40% and the overall plant concentrate ash 
content was around 7%. Since the collector and the frother were being added into the feed 
sump before the flotation feed collection pipe, the decision was made to collect the 
sample from the 38.1 cm  (15 inch) classifying cyclone overflow before being fed to a 
bank of 32 deslime cyclones that were 6.35 cm (2.5 inch) diameter from which the 
overflow stream feeds into the flotation feed sump. As shown in Table 3.1, Winchester 
flotation feed had a solids content of 4.5% by weight of which the majority had a particle 
size smaller than 25 microns.  
 
 
61 
 
Table 3.1. Particle size distribution and quality characteristics of a preparation plant 
flotation feed from Winchester seam located in Raleigh County, West 
Virginia. 
Particle Size 
Fraction 
(µm) 
Incremental (%) Cumulative (%) 
Weight 
Ash 
Content 
Weight 
Ash 
Content 
+ 180 1.20 5.21 1.20 5.21 
- 180x125 1.60 3.88 2.79 4.45 
- 125x75 4.32 4.68 7.12 4.59 
- 75x45 6.88 10.83 14.00 7.66 
- 45x25 7.86 27.17 21.86 14.67 
- 25 78.14 72.31 100.00 59.71 
Total 100.00 59.71   
 
 
The first of the two Coalburg coal samples was collected from a preparation plant located 
in Boone County, West Virginia with a feed rate of 850 t/h. The flotation circuit in the 
plant consisted of conventional flotation cells which processes -0.15 mm material 
representing about 5% of the plant feed. The overall plant yield was nearly 48% and the 
overall plant product ash content was around 13%. Since the collector was added to the 
classifying cyclone overflow prior to being fed to the flotation circuit and the frother was 
added to the flotation feed pipe just prior to the conventional cells, both reagent additions 
were cut off during the sampling procedure to eliminate any chemicals being present in 
the feed slurry. 
 
The flotation feed slurry sample contained 6% solids by weight. Similar to the 
Winchester sample, the Coalburg flotation feed was mostly comprised of particles 
smaller than 25 microns as shown in Table 3.2. However, a significant quantity of 
floatable material existed in the coarser size fractions as indicated by the relatively low 
ash contents. 
 
 
62 
 
 
Table 3.2. Particle size distribution and quality characteristics of a preparation plant 
flotation feed from Coalburg seam located in Boone County, West Virginia. 
Particle Size 
Fraction 
(µm) 
Incremental (%) Cumulative (%) 
Weight 
Ash 
Content 
Weight 
Ash 
Content 
+ 180 0.45 5.50 0.45 5.50 
- 180x125 1.18 6.58 1.62 6.28 
- 125x75 5.03 9.31 6.65 8.57 
- 75x45 7.49 15.11 14.15 12.03 
- 45x25 7.98 25.99 22.13 17.07 
- 25 77.87 65.07 100.00 54.45 
Total 100.00 54.45   
 
The second Coalburg coal sample was collected from a preparation plant located 
Kanawha County, West Virginia which has a feed rate of 700 t/h. During the sampling 
procedure for the laboratory studies, the flotation circuit was not in operation, which 
originally consisted of conventional flotation cells until late 2008. As such, the particles 
finer than 150 microns in the plant feed and reporting to 38.1-cm (15-inch) classifying 
cyclone overflow was directed to the thickener as the final plant reject. The overall plant 
yield was about 60% and the ash content of the plant clean coal product was around 13%. 
 
As shown in Table 3.3, the majority of the flotation feed collected from the feed includes 
ultrafine slime material (minus 0.025 mm). However, this amount is less then the 
previous two samples, which contained over 75% ultrafine particles. On the other hand, 
the coarser particle sizes (plus 150 microns) have significantly higher ash contents (over 
5 absolute percentage points) compared to the previous samples. The overall feed ash was 
around 43% which was relatively low compared to the other two samples indicating the 
presence of a lower amount of slime material. The feed solids content was around 8% by 
weight. 
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Table 3.3. Particle size distribution and quality characteristics of a preparation plant 
flotation feed from Coalburg seam located in Kanawha County, West 
Virginia. 
Particle Size 
Fraction 
(µm) 
Incremental (%) Cumulative (%) 
Weight 
Ash 
Content 
Weight 
Ash 
Content 
+ 225 2.74 13.03 2.74 13.03 
- 225x150 4.38 14.73 7.12 14.08 
- 150x75 13.20 20.68 20.31 18.37 
- 75x45 11.27 27.75 31.58 21.71 
- 45x25 10.04 32.39 41.62 24.29 
- 25 58.38 55.52 100.00 42.52 
Total 100.00 42.52   
 
 
  
3.1.2. Release Analysis 
Release analysis is the main feed characterization test in flotation similar to the 
washability analysis in gravity-based separations. The goal of the analysis is to obtain the 
best possible separation performance achievable by any froth flotation process. Release 
analysis is conducted in two-phases with distinctly different goals. The first phase 
separates the hydrophobic particles away from the hydrophilic particles. In order to 
ensure a satisfactory separation, the initial feed material is re-floated 3 times through 
multiple cleaning stages as shown in Figure 3.1. After each cleaning stage, the remaining 
material in the cell container is collected as the tailings of the corresponding stage. In 
Phase I, collector (Fuel Oil No. 2) and frother (MIBC) are added at minimum dosages on 
an as-needed basis. Feed slurry is mixed with the collector for 5 minutes each time before 
adding the frother, which was allowed to disperse in the slurry for 1 minute for proper 
bubble generation before opening the air valve for flotation. 
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Figure 3.1. Schematic of the release analysis procedure in two-phases using a laboratory- 
scale conventional Denver flotation cell. 
The second phase has the goal of separating hydrophobic particles collected in the first 
phase into various fractions depending on their degrees of floatability. Fractionated 
samples are obtained in the second stage by controlling airflow rate (L/min) and rotator 
revolutions (rpm) in the absence of collector addition. The first concentrate sample is 
taken under starvation type conditions, i.e. low airflow rates and slow rotator revolutions, 
to allow the collection of the highly floatable particles. In the following steps, the 
flotation process is continued to collect the next set of hydrophobic particles by providing 
more favorable conditions with the progressive increase of air rate and rotation speed. 
Through the end of the second phase, a small amount of frother was added to float the 
least hydrophobic particles in the feed.  
Release tests were performed in this study using a 4.3-liter laboratory-scale conventional 
Denver flotation cell. The obtained concentrate and tailings fractions were dried, weighed 
and analyzed for ash content (%) using the appropriate ASTM procedures. The results of 
the release analysis were used to determine the theoretical achievable separation limits of 
the feed material by flotation which were used as a bench mark for comparison purposes. 
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3.1.3. Flotation Rate Tests 
Flotation kinetics of the coal samples were analyzed followed the ASTM D5114 
procedure for flotation rate tests with and without employing pretreatment using
cavitation principles. For both approaches, a laboratory semi-batch Denver flotation unit 
equipped with a 4.3-liter cell was used. Flotation feed was conditioned with collector 
(Fuel Oil No.2) for 15 minutes before adding an alcohol-based frother (MIBC) to 
ensure correct adsorption of surfactants on hydrophobic coal particles. During the rate 
tests, flotation concentrates were collected as a function of time. Samples were filtered, 
dried, weighed and analyzed for ash content using the appropriate ASTM procedures. 
In addition to the standard testing, flotation rate tests were also conducted using the 
cavitation tube to pretreat the flotation feed in an effort to nucleate micro-bubbles on 
hydrophobic coal surfaces. The laboratory setup including the cavitation tube consisted of 
a mixer to keep the slurry in suspension and conditioning, a sump which held around 40 
liters, a recirculation pump to direct the slurry flow to go through the cavitation tube, a 
regulator to control the air pressure, a flowmeter to control the airflow and a pressure 
gage to observe the amount of pressure going into the cavitation tube as shown in Figure 
3.2. The regulator at the air inlet was set to the maximum air pressure of 206 kPa (30 psi) 
to receive pressurized feed slurry at 138-kPa (20-psi) through the cavitation tube.
 
Figure 3.2. Schematic of the laboratory flotation cell setup employing the cavitation feed 
pre-aeration during the kinetic rate tests. 
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After conditioning the slurry inside the sump with collector, the feed sample was taken 
directly from the nozzle of the cavitation tube into the laboratory flotation cell for 
flotation rate tests. One minute mixing time of frother in the cell was given to the keep 
the same conditions of a standard kinetic rate test. 
 
The airflow in the conventional flotation cell was controlled during the tests through a 
flowmeter attached to the adjustable air valve and kept constant at 5 L/min while the 
rotor speed was maintained at 1200 rpm. The application of the cavitation tube and the 
addition of air to the feed to the cavitation tube were the parameters that were changed 
during the rate tests. In select tests, air was added directly into the feed line to the 
cavitation tube at a constant rate of 1 l/min and monitored through a flowmeter during the 
tests when both the cavitation tube and air addition parameters were tested. The feed 
slurry was injected into the cavitation tube and directly transported into the laboratory 
flotation cell (Figure 3.2). In this manner, the micron-size air bubbles that were formed 
by cavitation were kept mainly intact as opposed to collecting the treated material in a 
separate container and transporting a sample of the bulk to the flotation cell. As such, 
bubble-aggregate stability was enhanced. 
 
3.1.4. Column Flotation Tests 
A continuously operated laboratory column unit was used to perform flotation tests over 
a range of feed volumetric flow rates in order to provide separation performance analysis 
over a range of retention times, as shown in Figure 3.3. In addition, feed solid 
concentrations were also varied at a constant volumetric flow rate to assess the impact of 
the novel recovery enhancement mechanism on carrying capacity. The flotation column 
used the Microcel™ bubble generator which consisted of a static mixer and a pump 
configuration whereby a portion of the tailings was circulated back to the column.  
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Figure 3.3. Schematic of the laboratory column flotation setup used for the standard 
testing procedure. 
With a column 5 cm column diameter, the flotation column setup provided near plug-
flow conditions with the length-to-diameter ratio of around 50:1. The length of the 
collection and froth zones typically used in the test program were 210 cm and 30 cm, 
respectively, where the feed slurry inlet was located 45 cm below the overflow lip. Wash 
water was added in the froth zone at a depth that was 1/3 of the froth zone height below 
the overflow lip. Frother and air were injected into the recirculation line at the bottom of 
the column prior to static mixer, which generates conventional-sized bubbles. Collector 
was added in the sump and conditioned for 15 minutes using the mixer. A constant 
amount of wash water, which was monitored through a water flowmeter, was used to 
eliminate the entrainment by minimizing the pulp water from reporting to the froth 
product. 
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The feed pre-aeration setup for the laboratory column consisted of a mixer to keep the 
slurry in suspension and conditioning, a sump which can hold about 40 liters (≈10 gal.), a 
recirculation pump to direct the slurry flow to go through the cavitation tube and a 
pressure gage to observe the amount of pressure going into the cavitation tube. Collector 
was added in the sump and conditioned for 15 minutes prior to initiating the flotation 
tests. Conditioned feed slurry was then pumped from the sump into a cavitation tube 
under a pressure of 138 kPa (20 psi) at a volumetric flow rate of 5.7 L/min (1.5 gal/min). 
The exit stream from the cavitation tube was distributed into two streams. The flow rate 
of one stream was manipulated to a desired value in the range of 300 to 2000 ml/min and 
fed into the flotation column. Thus, the majority of the flow was circulated back into the 
feed sump through a peristaltic pump which was used to draw a pre-determined amount 
of feed into the flotation column at a point just below the pulp-froth interface as shown in 
Figure 3.4. As a result, the pretreated coal particles initially move downward in the cell 
against a rising flow of air bubbles. Upon collision and attachment, the air bubble-particle 
aggregate rises to the top where they are collected in an overflow launder. The 
hydrophilic particles remain unattached and flow with the majority of the pulp to the 
tailings (underflow) stream.   
Figure 3.4. Schematic of the laboratory column flotation setup with the cavitation feed 
pretreatment. 
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The tailing flow was adjusted with a controllable pinch-valve attached to the tailing pipe. 
A microprocessor (Love Controls Series 2600) received signals from a pressure 
transducer located at the bottom of the column. The signal adjusts the air pressure that 
controls the flow to the tailings pinch valve, which is based on the desired froth level.  
 
A time period of three particle retention times was allowed to achieve steady-state 
conditions. After reaching the steady-state, samples of the feed, product and tailing 
streams were collected simultaneously. Afterward, the samples were filtered, dried, 
weighed and analyzed for the ash content. A summary of the operating parameters used 
throughout these tests is provided in Table 3.4. 
 
Table 3.4. Operating conditions of the column flotation test program. 
Feed rate 300 ml/min to 2000 ml/min 
Feed solids concentration by weight 6% for Boone County coal and 8% for Kanawha County coal 
Bias factor 0.75 
Collector Rate 
Frother Rate 
0.5 kg/t 
30 ppm 
Froth depth 30 cm 
Superficial gas velocity 2 cm/s 
Volumetric wash water 400 ml/min 
 
 
3.1.5. Laboratory-scale Cavitation Tube 
During the conventional and column flotation tests, the slurry was injected through a 
cavitation tube for feed pre-aeration, which cause small air bubbles to nucleate on the 
coal surface. Hydrodynamic cavitation, which will be discussed later in detail, occurs 
whenever the pressure at a point in a liquid is momentarily reduced below its vapor 
pressure due to the local accelerations of the liquid in a flowing system. For the design of 
the cavitation tube, three device options were considered, i.e., orifice plate, nozzle and 
Venturi, which were all capable of producing cavitation at a desired point of the flow. 
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However, due to their fundamental design differences, they range in their suitability for 
use in this study. Following advantages made the Venturi design to be chosen as the best 
option: 
1. The gradual reduction and the subsequent gradual expansion reduced the 
possibility of blockage (plugging) of particles in the throat section, 
2. The permanent head loss of the other two options could be as high as 3 to 4 times 
greater than the Venturi. Very low head loss characteristics of the Venturi design 
results in a minimal impact on the pump capacity in a plant, and 
3. The ability to vary the throat length in the Venturi is also advantageous, which 
means that the critical pressure can be maintained to allow the expansion of gas 
nuclei in the fluid. 
 
In the light of these design advantages, the Eriez Flotation Division (USA) engineers 
developed a Venturi tube, which is the most widely used hydrodynamic cavitation device, 
to be used for the feed pretreatment of the flotation feed slurry for kinetic and column 
flotation tests as shown in Figure 3.5. Another Venturi tube design by Australian 
researchers from CSIRO Energy Technology Division (Hart et al., 2002; 2004) is also 
provided in Appendix B for more information. 
 
 
 
Figure 3.5. Venturi cavitation tube and major design parameters for feed pretreatment. 
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The laboratory-scale cavitation tube (L=12.7 cm, 5 in.) consists of a gradual contraction 
from the pipe diameter (D=1.27-cm, 0.5-in.) to the throat diameter (d=0.16-cm, 1/16-in.) 
and then a gradual expansion to the original pipe diameter. In the conical convergent 
entrance of the Venturi tube, the liquid flow accelerates due to the narrowing diameter. In 
the cylindrical throat, the liquid flow is higher in velocity and lower in pressure compared 
to the liquid flow in the cylindrical inlet which results in cavitation and micro-bubble 
generation.  
 
3.2. CAVITATION FEED PRETREATMENT – IN-PLANT STUDIES 
 
3.2.1. Sample Characterization 
Although it was shown from the laboratory studies that the cavitation feed pretreatment 
had a significant impact on the flotation characteristics of Coalburg seam coal, the 
processing of the coal at the preparation plant located in Kanawha County, West Virginia 
was stopped due to market conditions. The feed to the preparation plant was changed to 
the Peerless seam coal to produce clean coal for the metallurgical market. The coal was 
extracted by an underground mine using continuous miners. The flotation characteristic 
of the Peerless coal was generally considered excellent.  
 
Random feed samples were collected for particle size analysis to assess the variability in 
flotation feed composition and particle size as shown in Table 3.5. Although there is a 
good correlation between the weight and ash compositions of the samples, solid 
concentration in the feed varied somewhat between the tests. The variability in solid 
concentration implied significant changes in the amount of floatable material in the feed.  
 
Two additional notes of importance were that i) about 70% of the feed was finer than 
0.025 mm on average and ii) the ash contents in the same size fraction were around 65% 
on average. Both facts suggest the presence of a substantial quantity of floatable ultrafine 
coal particles in the feed. The impact was a greater dependency on retention time to 
achieve the desired collection zone recovery and low carrying capacity values. The 
estimated carrying capacity was projected to be around 0.7 t/h/m2 (0.07 t/h/ft2). 
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Table 3.5. Random feed size analysis of the Peerless coal used during in-plant studies. 
 
Size 
Analysis 
(mm) 
Feed Sample-1: 9.6% Solids Feed Sample-2: 9.2% Solids 
Wt (%) Ash (%) 
Floatable 
Material 
(%) 
Wt (%) Ash (%) 
Floatable 
Material 
(%) 
+ 0.15 2.65 1.90 6.13 3.13 2.05 5.74 
- 0.15x0.045 13.98 4.13 31.55 19.26 4.60 34.30 
- 0.045x0.025 8.05 17.26 17.26 9.97 17.41 15.16 
- 0.025 75.32 67.83 46.87 67.64 59.54 48.11 
Total 100.00 53.10 53.10 100.00 41.86 100.00 
 
 
 
The coal company operating the preparation plant conducted washability analysis and a 
Hardgrove Grindability Index (HGI) test on feed core hole samples of the Peerless seam 
at 1.50 S.G. Typical HGI values lie between 30 (increased resistance to pulverization) 
and 100 (more easily pulverized), which is a measure of coal’s resistance to crushing. An 
HGI value of 49 was obtained for the Peerless coal which indicated that the material is 
not very easily pulverized. Washability analysis data presented in Table 3.6 indicates 
that, one quarter of the total sulfur is in the form of pyritic sulfur (0.36%) which is 
important due to its floatability. 
 
 
Table 3.6.Proximate analysis of the Peerless seam on dry basis with 7% surface moisture. 
 
Proximate Analysis Dry Basis 
Ash (%) 6.2 
Volatile Matter (%) 38.4 
Fixed Carbon (%) 55.4 
Calorie (kcal/kg) 7969 
Moisture & Ash Free Calorie (kcal/kg) 8495 
Total Sulfur  (%) 1.25 
- Pyritic Sulfur  (%) 0.36 
- Sulfate Sulfur  (%) 0.01 
- Organic Sulfur  (%) 0.88 
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In addition to the feed characterization, incremental samples were collected during a 
sampling program from the clean coal stream of the StackCells when the preparation 
plant was treating the Peerless seam. Clean coal samples labeled as No. 1 and 2 were 
collected incrementally over a 4-hour operating period whereas sample No. 3 was 
obtained over a 2-hour period. Each sample contained about 13.5 kilograms of material. 
As shown in Table 3.7, the flotation product quality was consistent over the three 
sampling periods and very close to the desired value of 7% ash on average. 
 
Table 3.7. Kanawha Eagle preparation plant clean coal proximate analysis for Peerless 
coal, where AR and DB denote “as received” and “dry basis”, respectively. 
Proximate Sample #1 Sample #2 Sample #3 Composite 
Analysis AR DB AR DB AR DB AR DB 
Ash (%) 6.55 6.89 6.78 7.13 6.9 7.27 6.74 7.10 
Sulfur (%) 1.25 1.31 1.27 1.34 1.19 1.25 1.24 1.30 
Calorie 
(kcal/kg) 7505 7890 7521 7910 7455 7857 7494 7886 
 
 
 
3.2.2. Full-Scale Cavitation Tube System 
In support of the study and in response to the outcome of the laboratory test program, 
engineers at a major equipment manufacturer (Eriez Manufacturing Co.) developed a 
full-scale cavitation tube system for the pre-aeration of flotation feed. The unit was 
installed in an operating preparation plant located in Kanawha County, West Virginia. 
The cavitation system consisted of four venturi tubes (CT-600) connected to a main pipe, 
which provides the ability to bypass the entire flow or a portion thereof through the 
cavitation tube system as shown in Figure 3.6. For the in-plant tests, a 35.5-cm (14-inch) 
diameter main pipe with a total length of about 3 m (114 inch) was pump-fed into the 
first StackCell from the feed sump and the cavitation tube system was designed so that it 
was a direct drop-in placement during the operation. The cavitation tube system was 
planned to be at knee-high elevation for ease of removal and change-out in the case of 
bypassing the flow directly into the cell. 
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The cavitation tube system was designed to allow the system to be added into the 
operation without alterations to the existing flotation circuit. Four 15.2-cm (6-inch) knife 
gate valves were placed at knee-high elevation for ease of turning on and off the 
cavitation tube system (Figure 3.6). The throat (thinnest portion) of the 61 cm (24inch)
cavitation tubes were designed to handle the flotation feed slurry without plugging with 
an 80 mm (3.15 inch) diameter opening. Each cavitation tube line is also equipped with 
two pressure gages, i.e., one on the inlet and one on the exit side of the tube, to measure 
the required pressure drop (or back pressure), which depends on the pipe diameter, pump 
capacity, volumetric flow rate and aeration rate. A detailed design of the cavitation tube 
system including the knife-gate valves, pressure gauges and air inlet manifolds is shown 
in Figure B-1. 
Figure 3.6. Plan view and the plant installation of the cavitation tube system for flotation  
feed pretreatment. 
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The cavitation tube system required a minimum of 172-kPa (25-psig) inlet pressure for 
proper aeration and bubble generation. To provide the required pressure, feeding the 
flotation material from a sump through a pump to the first StackCell was required. In 
addition to the minimum 25-psig pressure for aeration, the pump provided sufficient head 
to handle the static head and in-line losses during the travel of the flow from the sump to 
the cavitation tube at the feed inlet. As such, a flotation feed sump and a centrifugal pump 
system was added to the existing StackCell flotation circuit. 
 
Air was added to the cavitation system in some tests using a portable compressor, which 
was maintained at around 1.4-1.55 m3/min (50-55 ft3/min). Airflow was adjusted both 
using the regulator on the air control assembly and by opening and closing the ball valves 
on each cavitation tube. When air was employed with the cavitation tests, pressure on the 
air control assembly was varied through a regulator, which was maintained around 345 
kPa (50 psi) or higher than 310 kPa (45 psi) in order to overcome the line pressure 
existing prior to the cavitation tubes. Air addition prior to the cavitation tubes provided 
an additional 35-kPa (5-psi) increase to the inlet pressure (reading before the cavitation 
tubes). However, the outlet pressure (reading after the cavitation tube) did not change 
noticeably. Thus, the differential pressure drop (or back pressure) increased in the 
presence of additional air. 
 
Airflow readings were monitored from the PLC screen of the vortex flow meter, as 
shown in Figure 3.7. Operation density was adjusted based on the line pressure and the 
temperature at the air control assembly, which was taken through an infrared 
thermometer. In addition to airflow, pressure and temperature readings, air velocity, 
frequency and current output (4-20 mA) values were gathered from the flowmeter. 
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Figure 3.7. Schematic view of the air manifold control the airflow prior to the cavitation 
tube system. 
After installing a Doppler flow meter placed on the Poly pipe that feeds the first 
StackCell, it was found that the cavitation tube system was designed to handle about two 
times the flow that was actually reporting to the StackCell circuit. To properly operate the 
cavitation system with the required pressure drop (inlet and outlet pressure differential), 
two of the cavitation tubes located across from each other were completely closed. As a 
result, the pressure drop increased from about 70 kPa (≈10psi) to 140 kPa (≈20psi) on 
each cavitation tube. During the tests using cavitation system, both cavitation tubes were 
fully opened to achieve about 50% sump level with makeup water level around 25%-
30%. However, for tests using air injection into the cavitation system, the center pipe was 
partially opened (~9 cm) to achieve the feed sump level needed for proper plant 
operation. It should also be noted that the air addition to the cavitation system was 
relatively low, i.e. 1.4-1.55 m3/min (50-55 ft3/min). In fact, the 2% (Karaman et al., 1996) 
to 2.5% (Craig et al., 1993) dissolved air already existing within the slurry medium was 
found to be sufficient to provide a substantial improvement in flotation recovery. The 
typical operating conditions used for the cavitation system are shown in Table 3.8. 
          Regulator 
  Vortex Flowmeter
Ball Valve 
          Check Valve
2.5-cm Hose  
Barb
≈100 cm Air Manifold Pipe 
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Table 3.8. Operating parameters for the cavitation tube system during the in-plant testing. 
Air Flow  ~1415 L/min 
Air Pressure  ~50 psi (345 kPa) 
Air Velocity  10 m/s 
Temperature  ~21 C° 
With Cavitation & No Air (Both fully open)  In: 303 kPa Out: 131 kPa 
With Cavitation & With Air  
(Both fully open+~9 cm from center pipe) 
 
 In: 310 kPa Out: 138 kPa 
Compressor Pressure  827 kPa-Max./620 kPa-W/Air 
 
 
3.2.3. StackCell Flotation Unit  
During the operation of the StackCell, feed slurry enters the separator through a bottom-
fed nozzle, where low-pressure air is added through an air manifold, as shown in a “see-
through” illustration of a single StackCell machine Figure 3.8. In addition to the installed 
cavitation tube system prior to the feed of the first StackCell, the slurry is also pre-aerated 
inside the machine through a sparging device to provide significant shear and bubble-
particle contact prior to the arrival into the separation chamber. In fact, all of the 
necessary bubble-particle contacting is designed to take place in the cavitation tube 
system prior to injection into the primary tank (feed to first StackCell), which is used 
only for the phase separation between the pulp and the froth. Thus, the bubble and 
particle attachment occurs in close proximity to the aeration device in this system, and 
results in an increase in the rate of reaction for the overall process. As a result there is a 
corresponding decrease in the required retention time for a given application. This 
indicates that the same flotation recovery can be obtained in a smaller volume with 
increased capacity (Kohmuench et al., 2010; Kohmuench and Norrgran, 2011). 
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Figure 3.8. A “see-through” 3-D illustration of the StackCell module with major 
components of the machine. 
 
The flotation circuit in the Kanawha County, West Virginia preparation plant uses a 
series of three StackCells in a rougher-scavenger-rescavenger arrangement in order to 
take advantage of improved mixing conditions, and thus, provide a balance between 
improving recovery due to less back mixing and the added cost of the new cell, as shown 
in Figure 3.9. The feed is injection through the in-line cavitation system as a flow rate of 
11000 L/min. The mass solids flow rate was around 60 t/h with some variations occurring 
throughout the test program as indicated by changes in the solids concentration. The 
layout of the StackCell circuit in the preparation plant and the corresponding material and 
volume balance for slurry and solids flows and concentrations, pulp densities and 
delivery pressures for wash water units are also shown in Figure A-1 and Table A-1 
respectively. 
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Figure 3.9. Flotation circuit flowsheet of the preparation plant, including a three-stage 
StackCell unit and a cavitation tube system with the option of air addition. 
3.3. MAGNETIC PLASTIC MATERIAL EVALUATION 
3.3.1. Sample Characterization 
3.3.1.1. Coal Samples 
Encouraging results were obtained in a previous study on the use of magnetic plastic 
material to enhance flotation recovery. One of the objectives of this study was to validate 
the previous findings and advance the fundamental understanding of the mechanisms 
involved. In this effort, run-of-mine coal samples from the Coalburg and Eagle seams
were collected in bulk and used in the flotation test after crushing and grinding. The 
Coalburg coal is ideal for this study due to its poor flotation characteristics and relatively 
Cavitation Tube 
System 
Pretreated 
Feed 
Air Compressor 
Final 
Tailings 
Final 
Product 
Flotation Feed 
Flotation 
Sump Feed 
Pump
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high content of middling (mixed-phase) particles (10% to 20%). Eagle seam, on the other 
hand, has excellent floatability which produces coal for the metallurgical market.  
 
The bulk sample was collected in 19-liter (5-gal.) buckets from the top deck of a deslime 
screen in increments of 30 minutes and placed into into four 208-liters (55-gal.) drums. 
The top size of the particle was 75 mm (3-inches). The operating plant was located in 
Kanawha County, West Virginia. After arrival at the laboratory, representative coal 
samples were crushed with a jaw crusher to obtain 100% passing 1.27 cm (1/2-inch). 
Afterwards, the samples were split using the “cone and quarter” method. Coal samples of 
around 1-kg (~ 2.2 lbs.) were placed in sealed plastic bags after removing the excess air 
and stored in a commercial chest freezer to prevent contamination and prolonged 
exposure to air. Coal samples were pulverized to minus 180µm (80 Mesh) using a 
laboratory hammer mill just prior to the flotation test to prevent oxidation of the coal 
surfaces. 
 
Two bags of representative coal samples were taken from the freezer and pulverized to 
below 180 µm. The samples were subjected to size analysis from which the data is 
provided in Table 3.9. The data suggests that the particle size distributions generated by 
the process were relatively equal as well as the ash contents for the Coalburg coal. The 
overall feed ash content was around 44.43% which indicates the presence of a significant 
amount of floatable material.  The relatively large amount of material coarser than 150 
microns is especially noteworthy given the emphasis of this concept to improve coarse 
coal recovery. Eagle coal sample had lower amount of coarser particles (+150 microns) 
after crushing compared to that of the Coalburg coal. In addition, ash contents of each 
size fraction was higher than Coalburg coal which resulted in about 15% higher feed ash 
contents.  
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Table 3.9. Incremental particle size distribution and quality characteristics of a 
preparation plant flotation feed from Coalburg and Eagle seams. 
Particle Size 
Fraction 
(µm) 
Coalburg Coal-1 Coalburg Coal-2 Eagle  (Met.) Coal 
Weight 
Ash 
Content 
Weight 
Ash 
Content 
Weight 
Ash 
Content 
+ 150 18.52 36.36 22.26 36.57 10.76 44.18 
- 150x75 24.13 33.00 25.71 36.32 20.34 41.12 
- 75x45 11.58 33.59 12.35 37.15 11.42 42.23 
- 45x25 11.22 41.27 8.90 41.98 10.24 53.79 
- 25 34.56 60.65 30.77 61.37 47.24 75.70 
Total 100.00 44.17 100.00 44.69 100.00 59.21
3.3.1.2. Magnetic Plastic Material 
Eriez Manufacturing Company currently produces a plastic product, i.e., PolyMag™
Black Pellet (PMBP), which is composed of about 70% magnetite (black iron oxide-
Fe3O4) and 30% ethylene/ethyl acrylate (EEA). The presence of magnetite in the material 
provided the ability to recover the plastic particles using a magnetic separator. EEA 
coating material is a copolymer resin, which consists of ethylene (the simplest alkene)
and ethyl acrylate monomers (ester of ethanol and acrylic acid), and is used in the 
preparation of many polymers. The chemical structure of the material is shown in Figure 
3.10.
       
Figure 3.10. Chemical structure of ethylene/ethyl acrylate (EEA) copolymer. 
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EEA copolymer demonstrates excellent blend compatibility to be used as a bonding layer 
between polyolefins and for a variety of polar substrates, such as metals, or magnetite in 
the case of PMBP, to form high strength co-polymer (HSCP) granular particles or pellets 
(Fire, 1995). Detailed information about the composition of EEA is given in Table 3.10.  
 
Table 3.10. Information about the EEA plastic coating material used to form PMBP. 
Chemical Name Ethylene/Ethyl Acrylate (EEA) 
Description CAS#9010-86-0 
Molecular Formula C21H36O6X2 
Molecular Weight 384.51 
Density 0.93 g/ml (at 25 °C) 
 
In literature, other magnetite polymers, i.e., PolyMAG-41/1 and CombiMAG, have also 
been used in a nanoparticle form to deliver nucleic acids in the cell structure, which were 
developed by Chemicell GmbH (Berlin, Germany). In this application, polyethylene 
imines, i.e., PEI, (CAS#: 9002-98-6) are used in the cell culture of weakly anchoring 
cells as an attachment promoter (Mykhaylyk et al., 2007). 
 
Surface characterization of the magnetic plastic material was performed using a scan 
electrode image machine, i.e., scanning electron microscope (SEM), at 500μm optical 
resolution. Figure 3.11 apparently shows a narrow particle size distribution with a 
granular, irregular and porous surface. However, some of the large particles have distinct, 
circular/elliptical shapes. Regardless of the size and shape of the magnetic particles, they 
seem to be well coated with the EEA copolymer resin even after being pulverized in the 
hammer mill. Compared to that of the PMBP, significantly less coating material was used 
for PolyMAG-41/1 and CombiMAG nanoparticles, which was 7% and 18%, 
respectively, based on the PEI/magnetite ratio. However, according to the TEM 
(Transmission Electron Microscopy) images, PEI coated magnetic nanoparticles showed 
roughly spherical or ellipsoidal shape cores with some irregularities, which suggests 
similar observations with the SEM images in Figure 3.11 (Mykhaylyk et al. (2007). 
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Figure 3.11. SEM image of the pulverized magnetic plastic material (minus 180 μm) at 
500 μm optical resolution (Munoz-Diaz, 2007). 
 
The magnetic plastic material, i.e., PMPB, was received as dry pellets with a particle size 
of 100% minus 6.35 mm (1/4 inch). A representative sample of 200 gr with a nominal 
size of around 1.7 mm (10 Mesh) was collected and pulverized in a laboratory hammer 
mill using 180μm screen to obtain the same size material as the coal samples for the 
flotation test program. The particle size distribution in Table 3.11 shows that very little 
material existed in the ultrafine size range (minus 25 microns) which minimizes the effect 
of coating coal particles as a mechanism to enhance surface hydrophobicity. 
 
The naturally hydrophobic magnetic plastic material is comprised of about 70% 
magnetite, which makes it naturally magnetic and thus recoverable by low intensity 
magnetic separators. The magnetic strength of the magnetic plastic material was 
evaluated by using a Davis tube at full magnetic strength of 4000 Gauss. The results 
showed that 96% of the total sample reported to the magnetite stream, which indicates a 
high magnetic strength for the plastic material (Munoz-Diaz, 2007). 
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Table 3.11. Size analysis of the magnetic plastic material after being pulverized in the 
laboratory hammer mill. 
 
Size Fraction (μm) 
 
Individual Wt. (%) 
 
Cumulative Wt. (%) 
+150 47.02 47.02 
150x75 32.31 79.33 
75x45 12.35 91.68 
45x25 5.82 97.50 
-25 2.50 100.00 
Total  100.00  
 
The magnetic plastic material was recovered from the flotation slurry samples using a 
laboratory-scale, high-intensity wet magnetic separator (HIWMS, Series-L, Model-4) 
from Eriez Manufacturing Co. as shown in Figure 3.12. During the operation, a magnetic 
field is generated at the center of the separator where a chamber with the highest 
concentration of the magnetic field is located. The chamber is connected to two stainless-
steel pipes on the top and on the bottom to let the flotation slurry pass through the system 
by gravity. The removable magnetic element box in the chamber contains 
interchangeable magnetic elements in a form of expanded stainless-steel sheets (medium 
grid, 18 gauge, 6 mm) for the recovery of the magnetic particles (Figure 3.12.) 
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Figure 3.12. Layout schematic of the laboratory magnetic separator with a front and a 
side view and a picture of the steel grid member located inside the chamber 
for the recovery of magnetic particles.  
When the flotation slurry containing the plastic particles passes through the magnetic 
separator, the plastic particles become attached to the perforated metallic plates located
inside the chamber by the magnetic gradient fields while the non-magnetic coal particles 
follow the liquid streamlines and report to the bucket blow the chamber as shown in 
Figure 3.13. After the recycling process, water is flushed through the magnetic separator 
in order to make sure that all of the particles in the feed have passed through the chamber 
and only magnetic particles are attached to the metallic plates. After capturing the 
magnetic plastic particles in the chamber, the magnetic field is turned off and water is 
flushed into the chamber to recover the magnetic plastic particles. 
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Figure 3.13. Laboratory setup of the magnetic separator showing the chamber and the 
components of the recycling process. 
The magnetic plastic recovery process was repeated three times for each sample to ensure 
near 100% recovery of the magnetic particles. The average magnetic particle recovery 
values achieved in each step of the recovery process was reported in the previous study 
(Munoz-Diaz, 2007) and the recent study are shown in Table 3.12. 
Table 3.12. Magnetic material recovery rates in different stages of recycling after rate 
tests. 
Test 
Identification 1
st Recycle 2nd Recycle  3rd Recycle 
Munoz-Diaz, (2007) 87.6% 96.1%  99.9% 
Current Research 87.0% 94.7%  99.6% 
 
Feed Pump 
Feed 
Chamber 
Out Stream 
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3.3.1.3. Grinding and Polishing Process 
Clean coal samples were collected in large chunks from the top deck of the clean coal 
screens. The particle size was reduced in the laboratory to obtain approximately 1 cm x 1 
cm x 0.5 cm-sized cubes which were used for contact angle measurements. A long-cure 
epoxy kit (#812-523-HAZ) was used from LECO Corp. that contains both a liquid resin 
and a hardener to securely mount the samples in phenolic ring molds (3.8-mm diameter–
#811-229) for the grinding and polishing process. Seven parts of liquid resin was mixed 
with 1 part hardener in a paper cup and poured on the coal samples which were placed in 
the ring molds that were mounted on a wax paper with a glue stick. After 4 hours of 
curing in the room temperature, sample ID stickers were placed in each ring mold and 
filled using the same mixing procedure of the resin and the hardener for half of the 
amount. Ring molds were then cured for 4 to 8 hours (or left for overnight) and later the 
mounted specimens were ground and polished using Buehler Euromet-I Power Head 
machine.  
 
At the beginning of the grinding process, the cured ring molds were removed from the 
wax paper and placed, secured and leveled in the specimen holders, which apply a central 
force (constant pressure) to ensure consistent grinding and polishing on the surface of the 
ring molds. During the grinding and polishing process, water was continuously poured on 
the rotating disc to remove impurities and grinded material. In the first step for initial 
grinding, a diamond-impregnated disc (10μm) was used for 4 minutes at around 200-250 
rpm. In the second step, a silicon carbide paper (25μm) was used for 4 minutes at around 
200-250 rpm. In the third step, TexMet®-C Micro cloth surface was used after wetting 
the surface with water. In addition to cleaning the surfaces with water, 1μm aluminum 
oxide slurry (Alpha C Alumina-#810-818) was used for 90 seconds at the beginning of 
the final grinding process at 40psi (at around 200-250 rpm) with low water spray. 
Subsequently, water was flushed for 30 seconds to remove all impurities associated with 
the aluminum oxide slurry. Next, 0.3μm aluminum oxide slurry (Alpha A Alumina-#810-
832) was used for the next 90 seconds with reduced pressure of 30psi, which is followed 
by flushing water for the next 30 seconds to finalize the grinding process. For all three 
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steps, the water flow was increased in the last 30 seconds for a thorough cleaning of the 
surfaces. 
 
In the polishing process, Imperial cloth (#810-546-010) was used with 0.05μm colloidal 
silica slurry (#812-121-300). Similar to the Micro cloth, Imperial cloth was also used 
after wetting the surface with hand while flushing water. Polishing process was started at 
30psi (at around 200-250 rpm) for 90 seconds, and then the pressure was decreased to 
20psi for the next 60 seconds. The polishing disc was flushed with water for the 
following 30 seconds to remove any adhering colloidal silica. To further eliminate the 
remaining silica residue on the surfaces, clear household ammonia was poured on the 
polishing disc for 30 seconds. For the last 30 seconds of the polishing process, water flow 
was increased for a thorough cleaning of the surfaces. At the end of this process, air was 
gently blown on the surfaces to get rid of the remaining droplets to eliminate the 
watermarks. Afterward, the polished surfaces were dried for the next hour in the drying 
owen. The specimens were quickly transferred to the goniometer for contact angle 
measurements. Latex gloves were used throughout the experiments to avoid 
contamination of the surfaces. As grinding and polishing processes can have drastic 
effects on the contact angle value, both procedures were kept constant for all ring molds 
to ensure the integrity of the measurements. 
 
3.3.1.4. Contact Angle Analysis 
As discussed previously, particle size and hydrophobicity have significant effects on froth 
flotation. The contact angle at the solid-liquid-vapor interface is generally used to 
evaluate the hydrophobicity of a solid surface. A good knowledge of particle contact 
angles is important in defining the role of particle size, since there is a critical contact 
angle above which flotation response is strong for particles of a particular size (Crawford 
and Ralston, 1988; Kitchener, 1992). As previously reported in Eq. (2.44), contact angle 
is an important parameter to establish the probability of detachment and the maximum 
particle size that can be floated. 
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Contact angle measurements were conducted using a goniometer (Rame-Hart Model 100-
00) with two rotatable cross hairs. The setup consists of a goniometer, a specimen stage 
and a variable intensity illuminator which were mounted on an optical bench as shown in 
Figure 3.14. 
 
The contact angles of coal and magnetic plastic particles were measured with distilled 
water at neutral pH using a calibrated syringe. The equilibrium contact angle of the liquid 
droplet was measured for both right and left sides in three different positions. All 
measurements were conducted at the room temperature (25° ± 2° C) with a standard 
deviation of ± 3o for a single contact angle. Contact angle measurements show a close 
correlation between the previous and the recent study for the magnetic plastic surfaces, 
which clearly indicate that they are much more hydrophobic than any of the coal 
surfaces, as shown in Table 3.13.  
 
 
 
Figure 3.14. Goniometer setup in the laboratory to determine the contact angles. 
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Table 3.13. Contact angle measurements of coal and magnetic plastic particles using 
distilled water and methylene iodide, where the asterisk (*) represents the 
measurement from the previous study. 
Sample 
(Contact Angles, Degrees) 
Distilled Water 
(Left) (Right) 
Pittsburgh No. 8 Coal* 54.6 55.3 
Magnetic Plastic* 81.7 84.4 
Magnetic Plastic 85.6 87.3 
Coalburg Coal 47.0 47.6 
Peerless Coal 58.4 59.0 
Eagle Coal 59.8 60.1 
 
3.3.1.5. Zeta Potential Measurements 
In an aqueous solution, one of the most important forces favoring stability is the 
electrostatic repulsion force. When a charged particle is placed in an electrical field, it will 
move toward an electrode of opposite sign. During the particle transport process, the counter 
ions that form a rigid layer around the surface will remain with the particle while counter 
ions that are loosely attached will be lost to the bulk. As a result, a shear plane exists at the 
solid surface at a distance of say delta (Δ) into the bulk. The potential at this shear plane is 
called the zeta (ζ) potential or electro-kinetic potential. Electrostatic repulsion between two 
particles occurs as a result of an electrostatic surface charge of same sign. The magnitude 
of the repulsion force depends on the zeta (ζ) potential, the ionic strength of the medium 
and the distance between the particles. Zeta potential is commonly used as an estimate of 
the surface potential (ψo) in colloid chemistry studies where low electrolyte concentrations 
are used. 
 
The surface charge of the coal and magnetic plastic particles were studied after 
pulverizing and wet screening to a particle size below 25µm (500 Mesh) using a 
Brookhaven ZetaPlus system as shown in Figure 3.15. The procedure consisted of 
preparing 4 liters of potassium chloride (KCl) solution with double distilled water at 10-3 
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M concentration for the entire set of tests. Six beakers of solution were prepared for each 
solid type while adding 0.1 grams of solid into a 50 ml potassium chloride solution (10-3
M concentration). In addition, hydrochloric acid (HCl) and sodium hydroxide (NaOH) 
solutions were prepared at 3.25 M and 1.73 M concentration, respectively, to adjust the 
potassium chloride solution pH values within the range of 2 to 12. Solutions containing 
solid particles with varying pH values were agitated to ensure the solid dispersion in the 
beakers and were left to reach an equilibrium pH for approximately 24 hours.  
Following the solution preparation, representative samples (1.5 ml) were taken from each 
beaker and analyzed by using the Brookhaven ZetaPlus system. An average value of 10 
measurements was taken for each solid type to achieve a range of zeta potential values 
with varying surface charges based on slurry pH as shown in Figure 3.16. Similar to the 
contact angle analysis, zeta-potentials of the magnetic plastic and Coalburg coal particles 
also showed a close correlation. In addition to measuring the magnitude of electrostatic 
repulsion and attraction between the particles through Zeta potential analysis, Fan (2008) 
also quantified the surface charge of the bubbles generated by a cavitation tube.  
Figure 3.15. Brookhaven ZetaPlus analyzer used during the surface charge tests. 
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Figure 3.16. Zeta potential as a function of pH for cavitation bubbles and coal and 
magnetic plastic particles. 
Other than the cavitation bubble and the Peerless coal, the surface charges were all 
negative for any pH measurements greater than about 3. Among all the samples, the 
Peerless coal gave the highest isoelectric point (or point of zero charge) at around pH 
5.35, which is an indicative of good floatability since the best flotation takes place around 
neutral pH (≈7) conditions. The Zeta potential of the cavitation bubbles decreased 
through increased pH values with an isoelectric point at pH 6.7.  
3.3.2. Release Analysis Test 
Release analysis tests were conducted as part of the sample characterization for the 
Coalburg coal in the same manner as described in Section 3.1.2. However, coarse and dry 
coal samples were pulverized to a particle size finer than 180 µm (80 Mesh) for the tests 
involving the magnetic particle evaluation. Later, pulverized coal particles were mixed 
with water to obtain the desired solids concentration for conventional and column 
flotation tests. 
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3.3.3. Flotation Rate Test 
Flotation rate tests were conducted with and without the addition of magnetic plastic 
material using the Coalburg coal sample in the same manner as described in Section 
3.1.3. The solid concentration in the 4.3 L flotation cell was maintained at 5% by weight. 
Thus, the amount of magnetic plastic particles added at different concentrations (2%, 5% 
or 10% by weight) was subtracted from the total amount of solids (215 grams) which 
varied the amount of coal particles in the cell depending on the magnetic plastic 
concentration. Flotation rate tests were conducted as a function of time and the collected 
samples were separated from the magnetic plastic particles following the procedure 
described in Section 3.2.1.2. Afterwards, the floated coal fractions and the remaining 
tailings were filtered, dried and weighed and subsequently analyzed for ash content. 
3.3.4. Column Flotation Test 
Laboratory column flotation tests were performed to further investigate the empirical data 
obtained from conventional flotation tests. Experiments were conducted over a range of 
feed solid concentrations to establish the carrying-capacity limits associated with the 
addition of magnetic plastic particles to the slurry. At a given solid concentration, a range 
of volumetric feed flow rates were evaluated to provide the necessary information for the 
development of the recovery versus product ash curve. Representative samples from each 
stream were collected and processed through the magnetic separator to remove the 
magnetic plastic material and the non-magnetic portions of the samples were analyzed for 
ash content. The specific column operating parameters are provided in Table 3.14 while 
the other parameter values were maintained at the same levels listed in Table 3.4. 
 
A baseline performance was established for the column flotation tests by conducting tests 
without the use of the magnetic plastic material. Afterward, a series of tests were 
conducted to study the impact of various amounts of plastic particles added directly into 
the feed slurry.  
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Table 3.14. Specific parameter values used for the magnetic plastic addition effects on 
column flotation performance. 
Feed rate 300 ml/min to 1200 ml/min 
Feed solids concentration by weight 2% to 16% 
Percent of Plastic Added Relative to Feed 5%-10% 
Frother concentration (MIBC) 30 ppm 
Collector concentration (Fuel oil No. 2) 0.5 kg/ton 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
95 
 
CHAPTER 4 
4. FEED PRE-AERATION USING CAVITATION - LABORATORY STUDIES 
 
4.1. INTRODUCTION 
 
In this study, the concept of feed pre-aeration using a cavitation system was evaluated, 
which has been shown to enhance flotation recovery from the previous studies. 
Laboratory studies were performed to evaluate the impact of nucleating submicron-size 
bubbles onto the coal surfaces of varying flotation characteristics which results in the pre-
aeration of the flotation feed. For the weakly hydrophobic particles, especially, increasing 
the flotation rate and thus elevating recovery were the main focus through cavitation feed 
pretreatment.  
 
Cavitation pretreatment has previously studied by Ofori and Firth (1998) as a bubble 
generation mechanism through a vertical jet mixer ejector. Upon the bubble formation 
with the air addition into the jet ejector chamber, bubble-particle contact and attachment 
were realized during the passage of an in-line mixer. For the proposed concept in this 
study, however, cavitation mechanism was utilized for the feed pre-aeration based on the 
hydrodynamic cavitation principles which are detailed in the following subsections. 
 
Figure 4.1. TurboFlotation flotation system developed by CSIRO for Australian coal 
recovery (Firth, 1998). 
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4.1.1. The Cavitation Phenomenon 
4.1.1.1. Discovery 
During the trials of the torpedo boat destroyer HMS Daring in 1893, the performance of a 
ship was found to be well below her design speed. Barnaby (1897) and Parsons (1897) 
discovered that the reduced speed was caused by the poor propeller performance caused 
by the formation of water vapor bubbles on the blades, which caused similar difficulties 
for first turbine ship Turbinia shortly afterwards (Parsons, 1906). Barnaby and 
Thornycroft (1895) described this phenomenon and pointed out that the propellers 
generated voids and clouds of bubbles when the lowest pressure around the blade 
dropped to a particular value. This phenomenon appeared to manifest itself when the 
mean negative pressure exceeded 0.46 atm (6 ¾ psi), which was termed as cavitation for 
the first time by R.E. Froude (Barnaby and Thornycroft, 1895). 
 
4.1.1.2. Definition 
The term cavitation comes from the Latin word cavus, which means a hollow space or a 
cavity. The formation or birth of cavities is regarded as the first stage of cavitation, which 
was defined as nucleation by Westwater (1964). Cavitation refers, first, to the formation 
and growth, and then, the collapse and rebound of tiny bubbles, or holes, in liquids filled 
with gas and/or vapor. These tiny-size gas-filled cavities are often referred to as 
microbubbles, nanobubbles or picobubbles depending on their size (Robertson, 1969; 
Zhou, 1996; Young, 1999; Yang et al., 2003; Tao, 2004; Tao et al., 2006; Hampton and 
Nguyen, 2009). 
 
Cavitation is a general fluid mechanics phenomenon, which can occur whenever a liquid 
used in a machine inducing pressure and velocity fluctuations in the fluid (e.g. pumps, 
turbines, propellers, bearings, even the heart and knee joints). When cavitation occurs the 
liquid changes its phase into vapor at certain flow region, where local pressure is very 
low due to the high local velocities. This can be explained by Bernoulli’s equation:  
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PB +
1
2
ρlVB
2 =C
               
(4.1) 
 
in which VB is the water flow velocity at a point where the pressure is PB, ρl is the liquid 
density and C is constant.  
 
The above equation can be rearranged as:  
 
VB
2 +
2PB
ρl
=
2C
ρl
                 (4.2) 
 
Eq. (4.2) indicates that if the water flow velocity, V, exceeds , the pressure will be 
negative at that point of the water stream. At this point, water tends to form cavities to 
expand and relieve the negative pressure (Young, 1999). 
 
By definition, the cavitation process is the formation of these submicroscopic gas bubbles 
in a liquid structure due to the rupture of a liquid-liquid or a liquid-solid interface from a 
hole by external forces and is directly related to the pressure reduction below a certain 
critical value, which makes it different from boiling due to its generating mechanism. As 
shown in Figure 4.2, there are two types of vaporization, i.e., the well-known process of 
vaporization by increasing temperature (boiling) and vaporization under nearly constant 
temperature due to reduced pressure (cold boiling) as in the case of cavitation. The cold 
boiling process, and hence cavitation, depends on the purity of water. Pure water can 
withstand considerable low pressure, i.e., negative tension, without undergoing cavitation 
(Anon., 2011). 
 
 
2C
ρl
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Figure 4.2. Solid, liquid and vapor phase lines for varying conditions of pressure and 
temperature (Anon., 2011). 
If water contains a significant amount of dissolved air, then as the pressure decreases, the 
air comes out of the solution and forms cavities in which the pressure will be greater than 
the vapor pressure. This effect applies also when there are no visible bubbles. 
Submicroscopic gas bubbles can provide suitable nuclei for cavitation purposes. Hence 
cavitation can either be “vaporous” or “gaseous” or a combination of both, which will be 
discussed later in detail (Anon., 2011). 
4.1.1.3. The Role of Bubble Nuclei 
The process of beginning of cavitation is called “cavitation inception”. A necessary 
condition for the inception is the presence of “weak” spots in the water, which break the 
bond between the water molecules where the intermolecular forces momentarily 
approach to zero. These weak spots are generally tiny gas bubbles called “nuclei” (Pease 
and Blinks, 1947). Cavitation inception at pressures near the vapor pressure requires the 
presence of nuclei, which contain minute amounts of vapor, gas or both. Cavitation is 
expected to occur only when these nuclei becomes unstable and grow when subjected to a 
pressure reduction. The static equilibrium conditions for a spherical nucleus can be 
analyzed to understand the bubble growth mechanism, as shown in Figure 4.3. 
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Figure 4.3. Internal and external forces acting on a cavitation bubble nucleus (Eisenberg, 
1950). 
The ambient pressure and the surface tension pressure at the nucleus-liquid interface must 
balance the internal forces, which are produced by the partial pressures of the gas and 
vapor within the nucleus. Thus, the static equilibrium condition can be written as: 
Pa +
2γ
R
= Pv +
C
Rb
3
    
(4.3) 
where Pa is the ambient pressure, Pv the vapor pressure, where C constant, γ the surface 
tension and Rb the bubble radius. This equation can be plotted with two gas contents as 
shown in Figure 4.4.
The pressure adjacent to the cavitation bubble nuclei has a minimum value, which is 
below the liquid vapor pressure. From the curve, the bubble will stay stable as long as the 
ambient pressure is above this minimum pressure and the initial bubble radius is smaller 
than the radius associated with it. Additionally, the bubble tends to reach an equilibrium 
radius along the left-hand portion of the curve, where the slope is negative. However, if 
the pressure drops below the critical value, the bubble becomes unstable and grows 
without bound. As shown in the figure, for smaller gas contents, even lower pressures are 
required (Eisenberg, 1950). 
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Figure 4.4. Static equilibrium conditions of cavitation bubble nuclei, where the upper 
curve has a larger gas content than the lower one (Eisenberg, 1950). 
4.1.1.4. Classification 
The effect of surface tension in the nucleation stage is through the control of the stable 
gas or vapor nuclei size that can be present in the liquid, which are often the weak points 
in the liquid that in turn affects the cavitation threshold. According to Gogate and Pandit 
(2001), liquids with the highest surface tension values, such as water, experience the 
maximum cavitation intensity. As the surface tension forces increase, the gas nuclei 
dissolution rate into the liquid increases, the number of nuclei present in the liquid at any 
moment decreases before being subjected to cavitation, and thus the inception, or critical, 
pressure for cavitation increases.   
Wu (1969) photographically showed that the addition of the organic surfactants produced 
smaller and many cavities, due to the stabilization of the cavity by the adsorption of an 
organic film on the bubble surface. Later, Mason (1991) confirmed that the surfactant 
addition during the cavity generation phase of the cavitation process worked as a 
PAMBIENT 
PV 
Stable Unstable 
Bubble Radius 
P 
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“lubricant” during the difficult process of pulling the molecules apart, and thereby 
facilitated the cavitation.  From these observations, it can be concluded that the addition 
of organic surfactants, such as frother in the flotation process, produces smaller and more 
copious cavities by stabilizing the gas nuclei present in the liquid, which would otherwise
re-dissolve in the liquid due to surface tension forces, significantly reduces the cavitation 
threshold, prevents bubble coalescence and protects the cavities from immediate and 
violent collapse through their adsorption on the bubble surface (Fan, 2008). 
There are two ways by which the pressure can be reduced through surface tension. One is 
by a fluid flow, where the velocity variations in a flowing liquid causes pressure 
variations in the system, and is often referred to as hydrodynamic cavitation. The other is 
by an acoustic field, which is often referred to as acoustic cavitation. From the cavitation 
methods classified as in Figure 4.5, tension methods are easy to scale up, operate and 
control by geometric parameters and operating conditions, such as velocity (Lauterborn, 
1979). Hydrodynamic cavitation is a cheap and energy efficient method to generate 
cavitation due to its simple equipment requirements and low maintenance cost (Li, 2000; 
Fan, 2008). Hydrodynamic cavitation is therefore used for the pretreatment of the 
flotation feed in this study. 
Figure 4.5. Classification of cavitation methods based on pressure reduction mechanisms.
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4.1.1.5. Hydrodynamic Cavitation 
Cavitation, in general, takes place in the form of gas super-saturation or hydrodynamic 
cavitation. Through gas super-saturation, tiny bubbles may be formed in inhomogeneous 
liquids containing pre-existing gas nuclei, gases trapped in crevices of solid particles and 
cracks in the container walls (Flynn, 1964). Solid particles with rough and hydrophobic 
surfaces are also known to promote bubble formation in liquid (Gerth and Hemmingsen, 
1980; Ryan and Hemmingsen, 1993). 
 
On the other hand, hydrodynamic cavitation is the process of formation and growth of 
gas bubbles in a liquid due to the rupture of a liquid–liquid or a liquid–solid interface 
under the influence of external forces. Hydrodynamic cavitation occurs whenever the 
pressure at a point in a liquid is momentarily reduced below its vapor pressure due to the 
local accelerations (high flow velocity) of the liquid in a flowing system (Hayward, 
1970). O. Reynolds first observed this phenomenon about 100 years ago, when he found 
out that at the highest points of flow velocity, low, or even negative, pressures may exist, 
which can allow minute air or vapor-filled bubbles to open up and carried on by the flow 
regions of higher pressure (Trevena, 1987).  
 
In addition, it is well known from ships and other hydraulic machines that their 
propellers, which rotate at high speeds, produce numerous amounts of bubbles, even 
though no external gas is drawn or bubbled in. Dean (1944) concluded this observation 
that bubbles can always be produced as a result of a turbulent circulation of the liquid or 
by active stirring. On the other hand, for hydrodynamic cavitation, a change in the 
direction or a convergence of the streamlines is necessary, which makes it different from 
a rectilinear flow, i.e., simple parallel non-shear flow without turbulence (Daily and 
Johnson, 1956; Young, 1999).  
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In order to measure the resistance of the flow to cavitation, Young (1999) introduced the 
cavitation number, Kc: 
 
Kc =
Pa −Pv
1
2
ρlV
2
a
                          (4.4) 
 
where Va  is the local flow velocity.  
 
The cavitation number, Kc, is a dimensionless number, which expresses the relationship 
between the difference of a local absolute pressure from the vapor pressure and the 
kinetic energy per volume, and is used to characterize the potential of the flow to 
cavitate. One can observe different kinds of cavitation by holding the velocity constant 
and varying the reference pressure in a cavitation experiment as shown in Figure 4.6.  
 
 
 
Figure 4.6. Schematic of cavitation flow regimes, where σ and σi are denoted as Kc and 
Ki, respectively (Stinebring et al., 2001). 
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At sufficiently high pressures, non-cavitating flows occur, where there is no evidence of 
bubbles. At very low pressures, super-cavitation occurs, where a very long vapor cavity 
exists and in many cases the cavity wall appears glassy and stable, except near the end of 
the cavity. Between these two flow regimes, limited and developed cavitation occurs. The 
lifetime of the small transient cavitation bubbles is measured in milliseconds. They grow 
while passing through the low-pressure region and then collapse as they enter the high-
pressure region. If the bubbles have a relatively high initial gas content, they will collapse 
and then rebound. If such cavitation bubbles remained spherical throughout their lifetime, 
extremely high pressures, in the order of thousands of atmospheres, would be developed 
upon collapse. However, shape distortions occur when the bubble collapses in an 
unsymmetrical pressure field, e.g. in a gravity gradient or near a wall (Eisenberg, 1950).  
 
Cavitation occurs when the local value of Kc approaches to, or falls below, the inception, 
or critical, cavitation number Ki, which can be determined experimentally and is typically 
less than 3. Cavitation is more easily initiated at the higher values of Ki. If cavitation is 
occurring, lowering the cavitation number, Kc, will increase the extent of cavitation, 
which can be achieved by decreasing the static pressure or by increasing the flow speed 
(Young, 1999).  
 
Although there is no simple dimensionless number describing the effect of dissolved gas 
content on cavitation, three types of streaming cavitations have been distinguished by 
Knapp et al. (1970) and Hennessy (1989) according to the variations in the amount of 
dissolved gas and the pressure: 
 
1. Vaporous cavitation:  
Under normal pressure and low dissolved gas content, Ki is low and there is a time delay 
in the first appearance of micron-sized bubbles after reaching the cavitation threshold. 
This type of cavitation is caused by the explosive growth of bubbles due to the rapid 
conversion of liquid to vapor at the bubble wall, where the local static pressure is less 
than the vapor pressure of the liquid (Stinebring et al., 2001).  
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2. Gaseous cavitation:  
Under normal pressure and high dissolved gas content, cavitation depends on the amount 
of dissolved gas content and the existing population of gas nuclei. The time delay 
decreases with increasing dissolved and free gas content, and more undissolved gas 
would form more gas nuclei. For high gas content Ki increases and gaseous cavitation 
number becomes larger than vaporous cavitation number. This type of cavitation is due to 
the slower mode of bubble growth caused by the transport of noncondensible gas into the 
bubble, where the local static pressure is less than the saturation pressure of the gas 
(Stinebring et al., 2001). 
 
3. Hyperbaric cavitation:  
Under high pressure and high dissolved gas content, the inception of gaseous cavitation 
threshold will occur at a lower flow speed and for a smaller pressure drop, compared to 
vaporous and gaseous cavitation. 
 
According to this classification, one can conclude that cavitation is much easier under 
high pressure and high dissolved gas content, as in the case of dissolved air flotation. In 
addition, the air content in liquid has a significant effect on the occurrence of cavitation. 
In his research, Holl (1960a,b; 1969; 1970) also found that cavitation was directly 
proportional to the dissolved air content when he investigated the effect of air content on 
the occurrence of cavitation in a water tunnel. This suggest that although there is a benefit 
of air addition to the prior to a cavitation system, it is not a crucial component for the 
micro-bubble generation on hydrophobic particle surfaces, since bulk water contains 
from 2% (Karaman et al., 1996) to 2.5% (Craig et al., 1993) dissolved air (under room 
temperature and atmospheric pressure), which would serve to originate those bubbles 
from the flotation slurry. High dissolved gas content greatly enhances the cavitation by 
supplying the nuclei for the process. Solubility of the gas affects the number and the size 
of the nuclei. As the gas content decreases, the violent collapse of the cavities increases. 
Suspended solids in a liquid significantly enhance the cavitation efficiency by acting as 
the major source for nuclei generation. Solid particles with rough and hydrophobic 
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surfaces are known to promote bubble formation in liquids by entrapping gas in crevices 
and thus greatly reducing the cavitation threshold to facilitate nuclei/cavity generation, 
where gas molecules dissolved in water may occupy some of these structural voids 
(Schroder, 1969). On the other hand, hydrophilic solids usually entrap water and thus 
cannot enhance cavitation (Gerth and Hemmingsen, 1980; Ryan and Hemmingsen, 1993; 
Fan, 2008). 
 
The efficiency of the hydrodynamic cavitation and the overall cavitation yield are 
affected by various important parameters, such as the liquid pressure/velocity entering 
into the system through the cylindrical inlet, physico-chemical properties of the liquid, 
geometry of the constriction used in the cavitation (Venturi) tube, i.e. diameter of the 
constriction used and the percentage of the free area offered for the flow, and the initial 
radius of the nuclei (Gogate and Pandit, 2001). As the inlet pressure and the pressure 
drops across the Venturi tube increase, the energy dissipation rate, intensity of the 
turbulence and the violent collapse of the cavity cluster increase. 
 
It was found that, the presence of minute pockets of undissolved gas in crevices on 
mineral particles in a flowing stream assisted cavitation as a result of the expansion of 
these gas pockets under low or negative pressures at that point (Finkelstein and Tamir, 
1985; Flynn, 1964). In addition, the existence and the shape of the particles present in 
water and the roughness of the inner wall of the venturi tube also influence the 
occurrence of cavitation due to the increased pressure fluctuations in the stream (Daily 
and Johnson; Holl, 1960a, 1960b, 1969; Arndt and Ippen, 1968). To maximize the bubble 
surface area generation, a sparging system (CT-600) has been developed based on 
hydrodynamic cavitation principles (Anon., 2010) which has shown a significant impact 
on bubbles surface area flux (Sb) due to reduced bubble size (Db). This relationship is 
shown in Figure 4.7 by using Eq. (2.6) while keeping the superficial gas velocity (Vg) 
constant. Compared to jetting and porous sparging systems, sub-micron sized bubbles 
generated by cavitation principles show the highest surface area available for particles to 
collide, attach and be conveyed to the concentrate launder. 
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Figure 4.7. Relationship between the bubble diameter and the bubble surface area flux for 
different sparging systems (Anon., 2010). 
4.1.2. Role of Cavitation in Froth Flotation 
4.1.2.1. Effect on Bubble-Particle Collision  
As previously shown in Eqs. (2.72) and (2.73) for both the perfectly-mixed and plug-flow 
reactors, respectively, collection zone recovery is a function of the flotation rate constant, 
k, which, in turn, is a function by the bubble surface flux (Eq. (2.6)) and the probability of 
flotation after incorporating Eq (2.8) into Eq. (2.7): 
(4.5) 
Eq. (4.5) shows that Sb plays a key role in the flotation efficiency and thus the flotation 
recovery. As shown in Figure (4.6), cavitation is the most efficient mechanism among 
others in producing the smallest size bubbles which results in the highest surface area 
flux, Sb, available for an effective bubble-particle collision and the froth recovery due to 
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attachment. As a result, one can conclude that increased in bubble surface area flux 
through cavitation mechanism would improve the recovery rate in the pulp zone of a cell. 
In addition to the Sb, probability of collision, Pc, is another factor determining the 
flotation rate and thus the recovery. As previously shown in Eqs. (2.10), (2.11), and 
(2.13), for the three main flow types representing each hydrodynamic condition in a 
liquid, respectively, to achieve the maximum probability of collision, Pc, smaller bubble 
sizes and larger particle sizes are preferred. In this concept, micron-sized bubbles 
generated by introducing the cavitation mechanism are being utilized as the bridging 
medium between the ultrafine particles. As a result of agglomerating these ultrafine 
particles, bigger and more particles would be floated per unit of bubble surface area, 
which would in turn increase the flotation rate and the product mass flux rate, or carrying 
capacity. 
 
Further simulations for a range of bubble and particle size using Eq. (2.13) clearly show 
that as the bubble diameters decreased, the probability of collision increased for all size 
fractions as shown in Figure 4.8. Similarly, fine particles have a low probability of 
collision with bubbles and are thus difficult to catch by bubbles, particularly by large size 
bubbles. According to Ahmed and Jameson (1989), for the same gas flow rate and 
agitation, the actual number of collision increase with decreasing bubble size because of 
the increase in the number of bubbles.  
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Figure 4.8. Bubble-particle collision probability as a function of bubble diameter for 400, 
600, 900 and 1200-micron particles. 
 
Recent studies have provided evidence of a long-range, attractive hydrophobic interaction 
force between micron-sized bubbles on a particle surface and conventional bubbles. The 
formation of a gaseous capillary bridge was reported to be detected using an atomic force 
microscopy (AFM) after the coalescence of microbubbles existing on two hydrophobic 
surfaces as shown in Figure 4.9 (Parker et al., 1994; Attard, 2003). Upon bringing the two 
surfaces together, a concave capillary bridge was formed thereby creating a very stable 
aggregate with a strong binding energy due to the attractive nanobubble bridging 
capillary force (Schubert, 2005; Hampton and Nguyen, 2010; Palmer et al., 2011; Ishida 
et al., 2012). The existence of microbubbles on hydrophobic particles surface causing 
fine particle aggregation through a bubble-bridging mechanism enhances the collision, 
and thus the collection, probability of hydrophobic particles. This evidence suggests the 
potential of improving recovery by the cavitation pretreatment of a flotation feedstock. 
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Figure 4.9. Bridging mechanism of two hydrophobic surfaces with cavitation-generated 
bubbles (Hampton and Nguyen, 2010). 
4.1.2.2. Effect on Bubble-Particle Attachment 
Improving hydrophobicity of the particle by using higher collector dosage increases the 
bubble particle attachment probability, PA. As a result, however, increased operating cost 
of the flotation circuit and decreased selectivity and separation efficiency would 
negatively affect the overall performance. Stockelhuber et al. (2004) and Simonsen et al. 
(2004) suggested a better approach by generating micron-sized bubbles on the solid 
surfaces through cavitation in order to increase their hydrophobicity instead of increasing 
collector dosage. During the film thinning process of the attachment mechanism, when 
the film thickness was greater than the height of the micro-bubbles, no significant impact 
was seen in the film behavior (rupture) from the illustration in Figure 4.10. However, as 
the film thickness became closer to the bubble height, the interaction of the surface forces 
began between the micro-bubble and the wetting film, as shown in Figure 4.11. It is also 
suggested that the film rupture occurs by the larger micro-bubble on the surface, which 
has the thinnest foam film to break for the same interaction force. 
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Figure 4.10. Illustration of a wetting film with microbubbles on the solid surface at large 
film thicknesses that prevent rupture, hw>hrupture (Stockelhuber et al., 2004). 
Figure 4.11. Illustration showing the interaction between the wetting film surface and 
micro-bubbles, at small film thicknesses that results in rupture when 
hw=hrupture (Stockelhuber et al., 2004). 
Evidence  also exists that indicates bubble nucleation at the hydrophobic surface could 
also increase the probability of attachment and thus the flotation rate. The existence of 
micro-bubbles in flotation slurry reduces the rising velocity of conventional-sized 
bubbles. This could result in increased bubble-particle sliding times, decreased tangential 
velocities of particles sliding on bubble surfaces, and increased bubble-particle 
attachment probability (Ralston and Dukhin, 1999; Yoon 2000). If the attachment rate is 
increased, the efficiency of the bubble-particle attachment process is improved and thus 
recovery is enhanced.  In addition, elevated flotation rates can be realized which could 
increase unit capacity. The mechanism is believed to be due to the added surface 
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roughness from the concave bubble sites on the particle surface which helps penetrate the 
water film that coat the conventional bubble surfaces. Also, the attractive force between 
two bubble surfaces may be greater than the particle-bubble interactive forces that assist 
during film thinning (Honaker, 2006). 
 
Preliminary tests involving the treatment of slurry through a Venturi tube that contains an 
opening to the atmosphere at the narrow throat location has found that the collector 
dosage required during the flotation process could be potentially reduced, since the 
pretreatment serves a collector role and flotation rate of materials that traditionally have 
slow flotation characteristics could be improved (Tao et al., 2006; Tao et al., 2010). 
 
In addition to the models for different induction times (Figure 2.10), the experimental 
data in Figure 4.12 clearly show that PA increases with increased particle size and 
decreased bubble size. For fine particles, probability of collection, and thus the flotation 
recovery, is low due to, especially with large size bubbles. By generating micron-sized 
bubbles in the liquid, the flotation probability can be greatly enhanced. Considering the 
abovementioned effects of bubble and particle size on flotation efficiency, pretreatment 
of the flotation feed was studied in this research through laboratory- and full-scale 
cavitation tubes. 
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Figure 4.12. Comparison of the experimental (filled markers) and the predicted (dashed 
lines) P values as a function of bubble size for varying particle sizes (after
Luttrell & Yoon, 1992). 
4.1.3. Fundamental Studies 
4.1.3.1. Krasowska and Malysa (2007) 
The concept of using pre-aeration to improve flotation recovery was originally born from 
observations reported from a study by Krasowska and Malysa (2007) in which high-
speed video showed significantly faster bubble-particle attachment rates when a 
hydrophobic surface was pre-coated with micron-sized bubbles. During these tests, the 
researchers used Teflon plates of different surfaces roughness to determine the collision 
and attachment kinetics of bubbles rising in water. As such, the influence of surface 
roughness on bubble collision, the formation of three-phase contact and bubble 
attachment were determined as a result of air presence of on Teflon plates. 
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Both Teflon plates of I and II were treated with a smooth abrasive paper (No. 2400) and 
Teflon I surface was further modified by using diamond polishing paste (DP-1/4 μm). As 
a result, Teflon I and II were finished with smooth surfaces, with scratch dimensions 
smaller than 1 μm. On the other hand, Teflon III surface was not modified and used as it 
was received from the mechanical shop with scratch dimensions estimated to range 
between 30 and 60μm, as shown in Figure 4.13.  
The time-scale sequences of bubbles approaching to Teflon plate surfaces prior to bubble 
attachment in Figure 4.14 showed that for Teflon I and II plates, the bubbles bounced off 
the surfaces at least 4 times without attachment before coming to rest on the surface. 
Even after coming to rest, several milliseconds passed before attachment occurred due to 
the film thinning processes. On the other hand, for the same test, Krasowska et al. (2007) 
showed that a “necking” was formed at t=4.2ms between Teflon III and the detaching 
bubble during the initial bounce from the surface. Microphotographs showed that the 
“necking” was ruptured at t=5.1ms and sub-microscopic air bubble was left on the Teflon 
III surface (see photo 10 of Fig. 4.14C). Consequently, the interaction of the small 
hemispherical air pockets on the rough Teflon III surface with the air bubble during the 
second interaction facilitated an almost instantaneous attachment. As a result of these 
tests, the total bubble attachment time on Teflon surfaces of I, II and III were found to be 
84, 80 and 40 ms, respectively. This suggests that the time required for particles to attach 
to a bubble after collision can be significantly reduced, about 50% in this experiment, if 
the particle (or the surface) is pretreated with small micron size bubbles.  
 
Figure 4.13. Microscopic photos for Teflon I, II and III, respectively, with varying   
surface roughness (Krasowska and Malysa, 2007). 
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Figure 4.14. Photo sequences (time interval=0.845 ms) of bubbles during the first 
collision with hydrophobic Teflon plates of varying surface roughness 
(Krasowska and Malysa, 2007). 
4.1.3.2. Sayed-Ahmed (2013) 
A more recent study was conducted on the effect of micro- or nano-bubbles on bubble-
particle interaction using hydrophobic particle trajectories around a bubble surface under 
different testing conditions (Sayed-Ahmed, 2013). During these tests, 110-180 micron 
glass (silica) spheres were made hydrophobic (contact angle ≈ 110°) by methylation in 
cyclohexane solution (ratio<1:8). Particle with different hydrophobicities were dropped 
freely on bubble surfaces (1-1.4 mm) in a glass cell setup, which can be visualized 
through a high-speed video microscope. Solvent exchange method using ethanol, which 
contains more dissolved air than that of water, was used to form micro- or nano-bubbles 
on hydrophobic glass surfaces.  
From the high-speed video images in Figure 4.15, it can be clearly seen that the micro- or 
nano-bubble coated particle surfaces form a bridge between the hydrophobic particles 
and form large aggregates, which in turn, enhances the bubble-particle interaction and the 
attachment probability through a long-range hydrophobic attraction. In addition to this 
attraction, Sayed-Ahmed (2013) claims that an additional attractive force exist, which is 
larger than the van der Waals attraction between the hydrophobic surfaces without micro-
or nano-bubbles. This can be attributed to the nanobubble bridging capillary force 
Teflon I 
(<1μm) 
Teflon II 
(<1μm) 
Teflon III 
(30-60μm) 
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(NBCF) concept (Hampton and Nguyen, 2010). When two hydrophobic surfaces 
approach each other, the gas-filled micro- or nano-bubbles attached to the surfaces, which 
are filled with gas, are forced to coalesce. As a result, a concave gas bridge is fomed 
either between the two micro- or nano-bubbles due to an attractive capillary force or due 
to the interaction of a micro- or nano-bubble and a hydrophobic solid. The resulting 
bridge is claimed to generate a strong and long range attraction between the surface due 
to a lower pressure associated with the gas bridge and the interfacial tension between the 
gas and the liquid phases (Hampton and Nguyen, 2010).
 
Figure 4.15. High-speed photographic sequences of hydrophobic bubble-particle 
aggregate interaction in the presence of microbubbles on the surface 
(Sayed-Ahmed, 2013). 
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Bubble-particle aggregates formed with hydrophobic surfaces coated with micro- or 
nano- bubbles increase the collision efficiency through widening the collision limiting 
area around a bubble, which enables the aggregates to penetrate the liquid streamlines 
more easily, which in turn enhances the carrying capacity of the bubble surfaces. 
Enhanced bubble particle attachment is due to the reduced induction time, which is 
should be less than the sliding time, in the presence of micro- o nano-bubbles on the 
particle surfaces. In the presence of micro- or nano-bubbles, more attractive sites are 
shown to be available for attachment, which may due to the attractive force as mentioned 
above that is claimed to be higher than that of the centrifugal force (Sayed-Ahmed, 
2013). 
 
In the light of these findings, flotation feed pretreatment through a cavitation tube was 
studied in this research to optimize and quantify the improvements for the conventional 
and column flotation systems. Laboratory- and full-scale studies were carried out to 
evaluate the impact of cavitation tube tests on coal of varying degrees of hydrophobicity 
and to assess the potential of using cavitation to improve the top size of the flotation 
process. 
 
4.1.4. Empirical Studies 
4.1.4.1. Munoz-Diaz (2007)  
The observations and the fundamental analysis mentioned above led to a hypothesis that 
the pretreatment of flotation feed potentially could benefit the recovery of difficult-to-
clean coals. In the past, most of the attention was paid to develop new collectors to 
improve the floatability of these coals. However, Munoz-Diaz (2007) employed a more 
practical and an inexpensive technique by studying the pretreatment of flotation feed 
through a cavitation tube (or air eductor). Initial flotation tests were conducted using 
representative feed samples from an active preparation plant in Boone County, West 
Virginia, which was treating coal from the Coalburg seam with poor flotation 
characteristics. The flotation feed with 5% solids concentration (by weight) was 
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comprised of about 84% minus 45µm (325 Mesh) material, which contained the largest 
amount of floatable material (66.6% of the total amount). 
 
Laboratory conventional and column flotation tests were performed to investigate the 
impacts of hydrodynamic cavitation on coal recovery using a cavitation tube in an effort 
to nucleate fine bubbles on the surface of the weakly hydrophobic coal particles prior to 
flotation.  After conditioning with collector, the slurry was pumped through a cavitation 
tube of 1.27-cm (1/2-in) inner diameter at a volumetric flow rate that provided a pressure 
of 2.72 atm (40 psi). Pre-aeration of the slurry prior to the cavitation tube was also 
evaluated by injecting air at a rate of 1 L/min. The feed slurry was processed through the 
cavitation tube for a single pass and for multiple passes before the flotation rate 
experiment to quantify flotation rate and compare the value to the performance achieved 
with no pretreatment. Afterward, the pretreated slurry was first subjected to conventional 
flotation rate tests. As shown in Table 4.1, subjecting the flotation feed either one time or 
multiple times through the cavitation tube increased the recovery by about 18 absolute 
percentage points after one minute of flotation. 
 
The comparison shown in Table 4.1 indicates that the flotation rate during the first 
minute of flotation nearly doubled as a result of using the cavitation tube. These results 
are in agreement with those reported by Attalla et al. (2000) and Zhou et al. (1997), 
which have shown improved recovery responses due to reduced induction times and 
faster attachment rates in the presence of micro-bubbles on coal surfaces, as originally 
hypothesized by Krasowska and Malysa (2007) and Krasowska et al. (2007). 
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Table 4.1. Improved kinetic rates and the corresponding flotation recovery values using 
data obtained after one minute of flotation for the Coalburg coal (Munoz-
Diaz, 2007). 
Test Identification Flotation Rate (min-1) Flotation Recovery (%) 
Standard 0.65 61.0 
Cavitation (Single Pass) 1.25 78.4 
Cavitation (Multiple Passes) 1.24 78.2 
 
4.1.4.2. Independent Research Laboratory (2011) 
Considering the notable positive effects of cavitation pre-aeration observed by Munoz-
Diaz (2007) from laboratory conventional and column flotation tests, an industrial 
research laboratory showed interest to potentially utilizing their existing cavitation 
system technology on full-scale flotation systems to achieve enhanced flotation 
performances, especially for flotation feedstocks with low floatability. Thus, an internal 
exploratory test program was conducted to confirm the initial findings by pretreating a 
difficult-float flotation feed source which mainly (over 60%) consisted of ultrafine 
particles smaller than 45 microns. 
 
During the flotation rate tests, collector (Fuel Oil No. 2) and frother (polyglycol) 
additions were at 0.5 kg/t and 10 ppm, respectively. A significant improvement can be 
seen with tripled flotation rate and recovery values at the end of 1 minute, where the 
majority of the highly hydrophobic particles are floated, as shown in Table 4.2. Even 
after 2 minutes of flotation, there is 10 absolute percentage point increase in the recovery 
and 50% improvement in the rate compared to the standard test without cavitation and 
air. 
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Table 4.2. Improved kinetic rates and the corresponding flotation recovery values after 
one and two minutes of flotation for the conventional tests conducted by 
Eriez Flotation Division-USA. 
Test Identification 
Flotation 
Rate 
(min-1) 
Flotation 
Recovery  
(%) 
Standard 0-1 min. 0.12 11.3 
0-2 min. 0.39 59.6 
Cavitation and Air 0-1 min. 0.43 35.1 
0-2 min. 0.57 70.1 
 
4.2. RESULTS AND DISCUSSION 
4.2.1. Conventional Flotation Tests 
The coal produced from Coalburg seam is well known for its relatively difficult cleaning 
properties and poor flotation characteristics. As a result, low flotation recovery is often 
realized in preparation plants treating this coal source. During this research, cavitation 
pretreatment was further evaluated following the promising results from the initial 
research to find a solution for low flotation recovery performances caused by a low 
degree of surface hydrophobicity associated with the Coalburg coal. Flotation feed 
samples were collected from two active preparation plants located in Boone and 
Kanawha Counties, West Virginia, to test the repeatability of the data and to reduce the 
bias of testing from one coal source. Flotation rate tests were conducted in order to assess 
the kinetic flotation characteristics of the sample following the experimental procedure 
described in Section 3.1.3.  
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Figure 4.16. Effects of pre-aeration and cavitation tube performance on BC Coalburg 
coal. 
For the Boone County (BC) coal sample, the combination of cavitation pretreatment and 
air addition with the least reagent consumption gave almost the same performance with 
the one that employed no feed pretreatment for higher collector additions (0.5 kg/t 
collector and 10ppm frother), as shown in Figure 4.16. These results suggest that the pre-
aerated cavitation pretreatment acted as a secondary collector to improve the flotation 
recovery, which has the potential to reduce the collector consumption up to 50% under 
the same conditions. 
When the amount of collector was raised up to 0.5 kg/t at low frother concentrations 
(10ppm), the improvement in the flotation response due to pre-aeration was not found to 
be as significant. In comparison, the flotation responses were almost identical between 
these two different conditions for the first four samples (at 15, 30, 45 and 60 seconds, 
respectively) and the pre-aeration showed only slight improvement in flotation 
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characteristics after 60 seconds. This suggest that although there is a benefit of air 
addition to the prior cavitation tube, it is not a crucial component for the micro-bubble 
generation on coal surfaces, since bulk water contains from 2% (Karaman et al., 1996) to 
2.5% (Craig et al., 1993) dissolved air (under room temperature and atmospheric 
pressure), which would serve to originate those bubbles from the flotation slurry. 
 
Although the impact of the frother concentration was more significant than that of the 
pre-aeration and cavitation pretreatment at higher reagent additions for BC coal, when the 
frother concentration was increased from 10ppm to 25ppm under the same collector 
dosage, the improvement in combustible recovery values due to cavitation pretreatment 
remained around 5 and 10 absolute percentage points on average, without and with pre-
aeration, respectively, across the flotation period. 
 
For the coal sample from Kanawha County (KC) West Virginia, when the frother 
concentration was increased from 10ppm to 20 ppm under same collector dosages (0.5 
kg/t), the increase in the combustible recovery response was more significant than the 
recovery increase when the collector dosage was increased from 0.25 kg/t to 0.5 kg/t 
under the same frother concentrations (20 ppm), as shown in Figure 4.17. Since the 
impact of the frother concentration was more significant than that of the pre-aeration and 
cavitation pretreatment at higher reagent additions, the difference in combustible 
recovery values were still substantial but less than ten absolute percentage points from 15 
seconds to 2 minutes and the results were almost identical after 2 minutes even for the 
sample without any feed pretreatment techniques. 
 
123
Figure 4.17. Effects of pre-aeration and cavitation tube performance on KC-Coalburg 
coal. 
Flotation rate constants were calculated from Kelsall`s (1961) flotation model, which was 
proposed to incorporate a fast floating and a slow floating rate constant. The use of two 
rate constants was considered to give better approximation to the distribution of particle 
floatability than that with a single rate constant. The mathematical description of the 
model was later modified by Jowett (1974) and Lynch (1977) as given in Eq. (2.73). 
Using this equation, the difference of the sum of squares between the actual and the 
predicted recovery values for each time interval was minimized using Solver in the Excel. 
Fast and slow flotation rates and the slow floating fraction were chosen as the variables to 
be optimized to minimize the difference between the sum-of-squares. 
From the two-constant flotation rates for BC coal, there is a significant difference in the 
fast flotation rate values between the tests that employ the pre-aeration and cavitation 
pretreatment and those with no feed pretreatment, as shown in Table 4.3. It is important 
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to note that, similar fast flotation rates were achieved between Tests 3 and 4 (0.79 min-1 
and 0.84 min-1, respectively) using cavitation and pre-aeration under low frother 
concentrations while reducing the collector consumption by one half, i.e. from 0.5 kg/t to 
0.25 kg/t. In addition, at low reagent dosages while employing the cavitation pretreatment 
only, the fast flotation rate is increased by 30%, which was later reduced to 21% and 9% 
for higher collector dosages, under low and high frother rates, respectively, which 
suggest that the cavitation pretreatment is providing a significant benefit to the flotation 
systems under chemically constrained conditions. Addition of air prior to the cavitation 
tube (pre-aeration) improved the fast flotation rate constants by about 10% between Tests 
11 and 12 and Tests 17 and 18 under different collector and frother concentrations. 
However, at low frother and high collector dosages, the improvement was only around 
5% between Tests 14 and 15, which is also apparent from Figure 3. This finding suggests 
that the need for additional frother to recover the “slow-to-float” material and pre-
aeration is not enough to replace the impact of frother on middlings recovery. 
 
Table 4.3. Fast and slow flotation rate constants for the BC coal sample. 
Test No. Test Conditions 
Fast 
Flotation 
Rate (min-1) 
Slow 
Flotation 
Rate (min-1) 
1 Standard C: 0.25 kg/t - F:10ppm 0.54 0.22 
2 Cavitation C: 0.25 kg/t - F:10ppm 0.71 0.19 
3 Cavitation and Air C: 0.25 kg/t - F:10ppm 0.79 0.23 
4 Standard C: 0.5 kg/t - F:10ppm 0.84 0.25 
5 Cavitation C: 0.5 kg/t - F:10ppm 1.02 0.21 
6 Cavitation and Air C: 0.5 kg/t - F:10ppm 1.07 0.25 
7 Standard C: 0.5 kg/t - F:25ppm 1.53 0.29 
8 Cavitation C: 0.5 kg/t - F:25ppm 1.67 0.25 
9 Cavitation and Air C: 0.5 kg/t - F:25ppm 1.84 0.33 
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A similar trend to that of the BC coal was apparent for the fast flotation rate values of KC 
coal due to pre-aeration and cavitation pretreatment, especially at higher collector (0.5 
kg/t) dosages, as shown in Table 4.4. Similar to the BC results, very fast flotation rates 
were achieved in Tests 15 and 16 (1.43 min-1 and 1.46 min-1, respectively) using 
cavitation and pre-aeration under high frother concentrations while using 50% less 
collector, i.e., 0.5 kg/t to 0.25 kg/t. The increase of frother dosage from 10 ppm to 20 
ppm at high collector dosages (0.5 kg/t) showed comparable results for the fast flotation 
rate, which was increased by two times by doubling the frother rate. On the other hand, 
increasing the collector dosage from 0.25 kg/t to 0.5 kg/t at high frother dosages (20ppm) 
did not showed the same rate of increased response for the fast flotation rates, which 
suggest that frother concentration was more prominent in determining the flotation 
performance than the collector. As a result of the kinetic rate tests it can be concluded 
that high amounts of collector, and especially frother are required to float this type of 
Coalburg coal with more coarse- and intermediate-size particles, i.e., plus 0.15 mm and 
plus 0.075 mm, respectively, compared to that of the BC coal. In addition, it is shown 
that the middling particles in both coal samples with low flotation characteristics can only 
be recovered with high collector and frother dosages, which suggest that there is a chance 
to see an improvement with the pretreatment of the feed through cavitation in column 
tests. 
 
In order to assess the flotation characteristics of a coal sample from a different coal 
source, i.e., Winchester seam, from Raleigh County (RC), West Virginia, release analysis 
were conducted. The “grade vs. recovery curve” in Figure 4.18 shows a tyical “easy-to-
clean” coal, where the concentrate ash is only ranging from 6.6% to 10%, while the feed 
ash is 62%. This “black and white” separation shows us that there is a very small chance 
to see a significant improvement with the pretreatment of the feed through cavitation 
tube. One can reference this hypothesis to the small amount of plus 45-micron material, 
i.e. 14%, at around 8% ash from the size analysis (Table 3.1). Since the sample was taken 
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prior to the desliming cyclones, due to the location of the reagent addition, around 80% 
of the slurry contains high-ash minus 25-micron slimes.  
 
Table 4.4. Fast and slow flotation rate constants for the KC coal sample. 
Test No. Test Conditions 
Fast 
Flotation 
Rate (min-
1) 
Slow 
Flotation 
Rate (min-1) 
10 Standard C: 0.5 kg/t - F:10 ppm 0.77 0.19 
11 Cavitation C: 0.5 kg/t - F:10 ppm 0.86 0.18 
12 Cavitation and Air C: 0.5 kg/t - F:10 ppm 1.02 0.22 
13 Standard C: 0.25 kg/t - F:20 ppm 1.13 0.23 
14 Cavitation C: 0.25 kg/t - F:20 ppm 1.33 0.20 
15 Cavitation and Air C: 0.25 kg/t - F:20 ppm 1.46 0.26 
16 Standard C: 0.5 kg/t - F:20 ppm 1.43 0.26 
17 Cavitation C: 0.5 kg/t - F:20 ppm 1.66 0.23 
18 Cavitation and Air C: 0.5 kg/t - F:20 ppm 1.95 0.30 
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Figure 4.18. Release analysis results conducted on the RC coal sample from Winchester  
seam. 
In addition to the release analysis, kinetic rate tests were conducted over a period of 
flotation time using very small amounts of flotation reagents, i.e., 0.25 kg/t collector 
(Fuel Oil No.2) and 10ppm frother (MIBC). The results in Figure 4.19 shows that even at 
these concentrations, a significant difference in the flotation performance between the 
tests that employ both the pre-aeration (air addition) and cavitation pretreatments and the 
one without any feed pretreatment, which represents the standard rate test that was 
conditioned in the cell only. 
Standard rate tests and the cavitation pretreated rate tests were repeated to analyze the 
variability and the repeatability between the two tests. Results show that the response 
values for both conditions were relatively close to each other, especially for the cavitation 
pretreatment tests. Data points were almost the same at the beginning of the test (from 15 
seconds to 1 minute), which showed about 4% difference on average in the later part of 
the rate test (from 2 to 8 minutes). This might be attributed to the amount of stable 
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bubble-particle aggregates formed as a result of a multiple treatments of the remaining 
sample in the sump through the cavitation tube. On the other hand, the combination of the 
cavitation and the pre-aeration resulted in faster flotation responses throughout the testing 
period, which helped to improve the floatability of the moderately hydrophobic particles. 
While testing the effect of only cavitation and only pre-aeration on the flotation 
performance, both of the responses were similar from 15 seconds to 1 minute of the 
flotation. The improvement with the cavitation tube was larger in the later part of the rate 
test (2 to 8 minutes) even though it was not very significant (4% on average). This was 
very similar to the difference in the flotation performance between the standard rate test 
and the test both employing the cavitation and pre-aeration. The former started with a 
higher flotation rate in the first sample (at 15 seconds), the flotation responses were 
almost identical for the second, third and the fourth samples (at 30, 45 and 60 seconds, 
respectively) and the latter showed better flotation characteristics after 60 seconds. This 
might be attributed to a better frother mixing and bubble generation at the beginning of 
the test for the standard rate test.  
Figure 4.19. Effects of pre-aeration and cavitation tube performance on the Winchester          
seam coal. 
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The release analysis (Figure 4.18) showed that the ultrafine particles in the feed can be 
effectively rejected from the concentrate, which limited the further enhancement using 
the column flotation and testing the impact of the cavitation tube. 
 
4.2.2. Column Flotation Tests 
A continuously operated laboratory flotation column setup (Section 3.1.4.) was used to 
further investigate the effect of the cavitation pretreatment on retention time limited 
flotation systems employing Coalburg coal sources from Boone (BC) and Kanawha 
Counties (KC), West Virginia. The column flotation tests were performed over a range of 
feed volumetric flow rates, which yielded a range of particle retention time conditions. 
Flotation feed was pretreated through the cavitation tube, which was located near the feed 
point of the column. Here, the flow was divided and directed to two different locations by 
adjusting the peristaltic pump, i.e., a predetermined amount of feed rate (ranging from 
300 ml/min to 2000 ml/min) going into the column feed, and the rest of the flow 
circulating back to the sump. The operating parameters of the laboratory column flotation 
tests are given in Table 3.4, which were based on the findings of previous University of 
Kentucky Mining Engineering researchers (Ozsever, 2005; Munoz-Diaz, 2007). At the 
same operating conditions, Table 4.5 gives the notations on the points with regards to 
their feed rate values, which were very similar for both column tests. 
 
For the Boone County (BC) coal sample, the combination of cavitation pretreatment and 
air addition with the least reagent consumption gave almost the same performance with 
the one that employed no feed pretreatment for higher collector additions (0.5 kg/t 
collector and 10ppm frother), as shown in Figure 4.16. These results suggest that the pre-
aerated cavitation pretreatment acted as a secondary collector to improve the flotation 
recovery, which has the potential to reduce the collector consumption up to 50% under 
the same conditions. 
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Table 4.5. Notations of the column flotation test points for the different Coalburg coal  
samples shown in Figures 4.20 and 4.21. 
Feed Rate 
(ml/min) 
Boone County (BC) Coal Kanawha County (KC) Coal 
With 
Cavitation 
Without 
Cavitation 
With 
Cavitation 
Without 
Cavitation 
300 --- A --- A 
450 --- B --- --- 
600 c C b B 
750 d D c C 
900 e E d D 
1050 f F e E 
1200 g G f F 
1350 h H --- --- 
1500 i I g G 
1750 j J h H 
2000 k K i I 
 
Release analysis for both BC and KC coals show a typical example of a “relatively hard-
to-clean” Coalburg coal sample. The concentrate ash range for BC and KC coals were 
from 3.5% to 8.5% and from 5% to 9% on average, respectively. However the feed ash 
contents were around 52% for the former and around 46% for the latter, which were in 
the close proximity with their size analysis from Tables 3.2 and 3.3. For the KC sample 
in particular, which showed that there are more coarse- and intermediate-size particles, 
plus 0.15 mm and plus 0.075 mm, respectively, with higher ash contents due to middling 
particles, represent a chance to see an improvement through the feed pre-aeration. 
 
As a result of the column flotation tests, cavitation feed pretreatment provided a 
significant effect on column flotation when the separation performance is compared with 
the release analysis, as shown in Figures 4.20 and 4.21. The pretreated sample resulted in 
significantly higher recovery values for higher feed rates compared to the sample without 
any pretreatment. Close proximity of the test results at different feed rates to the release 
analysis for both coal types suggest that the laboratory column flotation unit was 
operating at nearly optimum conditions.  
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Figure 4.20. Effects of flotation performance with cavitation pretreatment of the column 
flotation feed of a Coalburg coal sample from Boone County, West Virginia. 
Figure 4.21. Effects of flotation performance with cavitation pretreatment of the column 
flotation feed of a Coalburg coal sample from Kanawha County, West 
Virginia. 
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The impact of the cavitation pretreatment was even more apparent when the combustible 
recovery values were plotted against the volumetric feed flow rate, which showed 
recovery improvements over the entire range of flotation rates, as shown in Figures 4.22
and 4.23. The recovery response with the increased feed rate was almost stable up to 600 
ml/min with the cavitation-pretreated feed for both coal samples. On the other hand, the 
standard column flotation recovery values dropped steadily and significantly with the 
increased feed rate. Especially after the 600-ml/min mark, the difference in the recovery 
values jumped from 7% to around 12% and from 5% to around 10% for the Boone and 
Kanawha County coals, respectively, and kept increasing as the feed rate increased. At a 
flow rate of 1050 ml/min, recovery combustible recovery increased by 12 and 8.5 
absolute percentage points when using feed pretreatment for the Boone and Kanawha 
County coals, respectively. The incremental improvement in recovery increased to values 
around 10 absolute percentage points when the volumetric flow rate was increased. 
Figure 4.22. Combustible recovery responses with the increased feed rate for the column 
flotation tests of the BC-Coalburg coal sample. 
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The increase in the recovery improvement with an elevation in volumetric flow rate is 
likely a result of both improved flotation rates and carrying capacity. It should be noted 
that the recovery values achieved under low feed flow rates were impacted by particle 
flotation rates whereas the high flotation rates were likely more affected by carrying-
capacity constraints. This finding is especially important for the flotation systems that are 
retention time constrained.  
Another problem occurring during the flotation of difficult-to-float coals, such as 
Coalburg coal, is due to the inadequate number of particles carried by the bubbles, which 
results in poor carrying capacities. With the pretreated sample the recovery responses 
showed that the capacity could be increased while maintaining high recoveries. This 
hypothesis is further tested through tests with varying solid contents under the same 
volumetric feed rate.  
Figure 4.23. Combustible recovery responses with the increased feed rate for the column 
flotation tests of the KC-Coalburg coal sample. 
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Following the column flotation tests, the carrying capacity tests were conducted for both 
coal samples by increasing the feed solids concentration while holding the volumetric 
feed rate constant at 1050 ml/min. Original feed solid contents of 6% and 8% for Boone 
and Kanawha County coals, respectively, in Figures 4.31 and 4.32 reflect the data at this 
feed rate from the column tests. 
 
Carrying capacity achievable for the BC coal sample was assessed by varying the feed 
solid concentration from 6% to 20% while maintaining the volumetric feed rate to the 
column cell at a constant value. The limited amount of sample constrained the number of 
tests and the feed solid concentration levels tested for 6%, 15% and 20% by weight. At 
6% and 15% solids, the product rate was increase due to the cavitation pretreatment was 
0.08 t/h/m2 and 0.12 t/h/m2, respectively, as shown in Figure 4.24. This means that an 
additional 1.2 t/h and 1.8 t/h can be recovered for a common industrial column (4-m 
diameter) application for 6% and 15% solids content, respectively, which represent a 
significant improvement especially for high feed solids concentration. From an economic 
standpoint, this might be a significant finding for the company to consider while making 
the decision on installing the cavitation pretreatment to the existing flotation circuit. 
However, at 20% solids, which was the highest solids content tested, the effect of 
cavitation was negligible due to heavy loading on the bubble surfaces where the product 
rate has decreased significantly and both tests resulted in about 0.3 t/h/m2 product rates. 
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Figure 4.24. Enhanced carrying capacity characteristics realized by cavitation 
pretreatment of the feed for the BC-Coalburg coal sample at different 
feed solid contents. 
The expected trend of carrying capacity for different solid concentrations in the feed can 
be clearly seen for the Kanawha County sample, which represents an increase in product 
mass flux with feed mass flux up to a maximum, as shown in Figure 4.25. A significant 
increase in carrying capacity was achieved at higher solid concentrations of 12% an 14%, 
which showed increased product rate values of 0.27 t/hr/m2 and 0.22 t/hr/m2, 
respectively, due to the cavitation pretreatment. For a common industrial column, the 
difference would equate to additional 4t/h and 3.3 t/h that can be recovered with 
cavitation pretreatment at a solids concentration of 12% and 14%, respectively. Although 
the difference in increased product mass flux is not as significant compared to 12% and 
14% solids, the same trend of improved carrying capacity due to feed pretreatment 
follows for the other feed solids concentrations. The reduced carrying capacity after 12% 
feed solid concentration can be associated with the preferential detachment of coarse 
particles, which cannot find enough bubble surface area to be conveyed to the concentrate 
launder. 
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Figure 4.25. Enhanced carrying capacity characteristics realized by cavitation 
pretreatment of the feed for KC-Coalburg sample at varying solid 
contents ranging from 8% to 16%. 
Carrying capacity test results were further investigated for Kanawha County coal sample 
by conducting product size analysis for the selected tests, which showed the most 
significant difference in recovery values with cavitation pretreatment, i.e., 12% and 14% 
solids. As shown in Figure 4.26, the recovery improvement was preferentially achieved 
on the ultrafine particle size fractions of the feed. These results point out to the impact of 
the pre-aeration in causing ultrafine particle aggregation whereby a strong binding energy 
is formed by the air bridges between the hydrophobic coal particles.  
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Figure 4.26. Product particle size analysis for the KC-Coalburg coal following the 
carrying capacity test for 12% and 14% feed solids content. 
4.3. CONCLUSIONS 
The proposed concept of pre-aerating the flotation feed using a cavitation tube in this 
study aimed to provide a potential solution for low flotation recovery performances 
caused by 1) a low degree of coal surface hydrophobicity in the flotation feed, and 2) 
retention time limited flotation systems. By injecting feed through a cavitation system, 
micron-sized bubbles nucleate onto the surface of the coal particles, which results in the 
pre-aeration of the flotation feed. As a result, when the particles interact with bubbles 
produced from a conventional bubble generator, the attachment process occurs more 
rapidly. Due to the finer distribution, the injection of additional air and the production of 
bubbles on the particle surfaces, flotation rate and carrying capacity are improved which 
directly results in enhanced flotation recovery.
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During the laboratory studies, first, two kinds of Coalburg seam coals with poor flotation 
characteristics were sampled from different preparation plants located in Boone (BC) and 
Kanawha Counties (KC) in West Virginia to see the real impact the pre-aeration and the 
cavitation feed pretreatment methods on difficult-to-float coals. As a result of the 
flotation rate tests, flotation recovery achieved from conventional flotation was improved 
by about 10 and 8 absolute percentage points on average for BC (at lowest reagent 
dosages) and KC (at lowest frother dosage) samples, respectively, when subjected to 
flotation feed pretreatment by passage through a cavitation tube with air addition. 
Although pre-aeration prior to the cavitation tube had a significant impact on the KC coal 
at the lowest frother concentrations to recover coarse- and intermediate-size particles, i.e., 
plus 0.15 mm and plus 0.75 mm, respectively, additional air to the system had a little-to-
no positive impact for the BC coal sample. This point out to the fact that the dissolved air 
in plant water would be sufficient enough to generate micron-size bubbles on coal 
surfaces through the cavitation tube, although additional air may further benefit the feed 
pretreatment due to the micro-bubble population in the system. It is also important to see 
that when the collector dosage was increased for the BC coal, the cavitation feed 
pretreatment with air has the potential to reduce the collector consumption by 50%. For 
the KC coal, the amount of slow floating fraction was significantly higher at low frother 
concentrations, which was the prominent parameter to achieve high recoveries, due to the 
slow-floating behavior of the Coalburg coal. 
 
In addition to the Coalburg coal samples, Winchester coal sample with good flotation 
characteristics was collected from Raleigh County (RC), West Virginia. Although 
recovery improvements of up to 4 absolute percentage points were seen with the pre-
aeration and cavitation treatments, easily cleanable nature of this coal made it difficult to 
draw major conclusions since it was not evaluated further through laboratory column 
studies. 
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Following the positive outcomes from the kinetic rate tests, continuous laboratory column 
flotation tests were performed to test the effect of cavitation pretreatment on volumetric 
feed rate and carrying capacity while minimizing the effect of micro-bubble collapse 
during sampling. While increasing the flotation feed rate from 500 to 2000 ml/min and 
from 600 to 2000 ml/min, the improvement in recovery rose from 5 to around 20 and 
from 5 to around 15 absolute percentage points for BC and KC coals, respectively. These 
results clearly indicate the potential to significantly improve flotation performance for the 
Coalburg coal using feed pre-aeration. Following the column flotation tests, the carrying 
capacity tests were conducted by increasing the feed solids concentration while holding 
the volumetric feed rate constant at 1050 ml/min. Results revealed that at 6% and 15% 
solids, additional 1.2 t/h and 1.8 t/h could be recovered, respectively, for a common 
industrial column application for the BC coal. The projected product rate improvements 
for the KC coal were equivalent to around 3.3 t/h and 4 t/h for feed solids content of 14% 
and 12%, respectively. Further analysis on the product size distribution of the KC coal 
suggests that the improved particle recovery is more pronounced for the finest coal 
fractions as a result of particle agglomeration, which occurs due to cavitation feed 
pretreatment. The improvement is likely due to aggregation of the ultrafine coal particles 
using the micron-sized bubbles generated by cavitation as the bridging medium. Recently 
published data also suggests the possibility of enhanced attractive interactions between a 
micron-sized bubble attached to a particle surface and a bubble produced by a 
conventional generator. This mechanism would provide enhanced flotation rates by 
improvements in the probability of attachment. 
 
As a result of the laboratory test programs, feed pre-aeration to a flotation system was 
found to provide enhanced flotation rates and carrying capacities. Based on these positive 
outcomes, a full-scale cavitation system developed by Eriez Manufacturing Co. was 
installed into a three-stage StackCell flotation circuit. After installing the cavitation pre-
aeration system in the feed pipe to the first StackCell, a detailed full-scale in-plant test 
program was conducted to optimize the flotation performance, to quantify the recovery 
improvements and to evaluate the potential of reducing the collector dosage. 
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CHAPTER 5 
5. FEED PRE-AERATION USING CAVITATION – IN-PLANT STUDIES 
 
5.1. INTRODUCTION 
 
The improvements in recovery and carrying-capacity observed from using pre-aeration of 
flotation feed in laboratory studies led to the development of a commercial scale 
cavitation system for in-plant studies. The plant chosen for the in-plant evaluation was 
identified based on carrying-capacity limits that were impacting flotation recovery and 
the expressed need to reduce collector consumption. A cavitation tube unit, which was 
detailed in Section 3.2.2,was placed in the flotation feed pipe of a three-stage flotation 
circuit treating 60 t/h and 11000 L/min (2900 gal/min) of slurry in an operating coal 
preparation plant that cleans coal from an underground source for use in the metallurgical 
market. 
 
Choosing this preparation plant had an additional advantage due to the currently 
commissioned three-stage StackCell flotation circuit from Eriez Flotation Group. The 
flotation circuit is comprised of three StackCells placed in series, in which the tailings 
stream produced by one unit is the feed to the next, as described in Section 3.2.3. A 
characteristic of the StackCell design employing the cavitation tube system in the feed 
line is the ability to efficiently pre-aerate the pulp before injecting it into the separation 
vessel. In this system, the bubble and particle attachment occurs in close proximity to the 
aeration device and results in an increase in the rate of reaction for the overall process. As 
a result, there was a corresponding decrease in the required retention time for a given 
application. This indicates that the same flotation recovery can be obtained in a smaller 
volume with increased capacity. From the laboratory and pilot scale tests, it was found 
that the preferred arrangement of the StackCell technology is the sequential placement of 
three cells in series to provide a balance between improving recovery due to less back 
mixing and the added cost of the new cell (Kohmuench et al., 2010). 
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Prior to the installment of the StackCells, the flotation circuit of the plant has not been in 
operation for the last three years. The abandoned flotation circuit consisted of a bank of 
three 100-ft3 conventional flotation cells. Since then, the flotation feed material, 
comprised of the overflow stream of 15” raw coal classifying cyclones, was sent directly 
to the thickener, which represents a significant loss in revenues. Through the current 
expansion of the plant with StackCells and cavitation tube system combination, the goal 
was to minimize this inefficiency by improving the separation performance of the 
ultrafine circuit.  
 
Flotation feed to the cavitation feed inlet was a pump-fed system in order to meet the 
pressure specifications of the cavitation tube for the pre-aeration of the feed particles, 
which required an additional flotation feed sump and pump configuration, along with the 
piping for the circuit. Performance of the froth flotation circuit was evaluated under 
different operating conditions, such as flotation chemicals and dosages, froth depth levels 
in the StackCells, air injection into the cavitation system, etc. Tests were conducted both 
while the flotation slurry was flowing through the center pipe (all cavitation tube valves 
closed) and through the cavitation tube system (the center pipe valve closed). The results 
of the in-plant study are presented and discussed in the following sections. 
 
5.2. RESULTS AND DISCUSSION 
 
5.2.1. Effect of Collector Type 
One of the ways to look at the enhanced flotation performance is through the increased 
capacity of the bubbles that carry the coal particles to the overflow launder of the 
flotation cell, which is known as the carrying capacity. Throughout the in-plant studies at 
the preparation plant, three different collectors were used with varying compositions and 
characteristics. Collector No. 1 was known as mineral (peanut) oil, which was watery and 
clear in appearance. Collector No. 2 was a type of pine oil with a molasses-like viscosity 
dark brown-colored liquid. Collector No. 3 was a blend of four lipids (with carboxyl 
groups) and heavy naphthenics, which was also watery and brown-colored liquid. For 
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both lower and higher collector dosages, collectors No. 2 and No. 3 showed the best 
performance for increased capacity. 
 
As shown in Figure 5.1, feed pre-aeration provided a significant increase in carrying 
capacity regardless of collector type, dosage and froth level (denoted as FL in the 
figures). In the tests involving collector No. 1, the solids content in the feed and hence the 
amount of floatable material was higher compared to the tests with the other two 
collectors and the froth level was low, which lowered froth zone recovery. Under this 
condition, air addition in the cavitation system had a significant impact on increasing the 
carrying capacity as a result of a more stable froth phase. For the samples with cavitation 
only, data points were shifted away from the associated test points due to high feed solid 
concentrations. The dashed lines in Figure 5.1 show where the data points would have 
been for similar feed solid contents when using feed pre-aeration with no additional air. 
 
 
 
Figure 5.1. Carrying capacity values for different methods and collectors at around 0.11 
to 0.22 kg/t; FL=froth level or depth from overflow lip. 
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For higher collector dosages, the feed solids contents in all tests were nearly equal. As 
such, the results in Figure 5.2 clearly show a direct comparison of carrying capacity 
performance under similar conditions. Carrying capacity is increased by nearly 40% over 
the entire range of feed mass flux values and collector types. 
 
5.2.2. Evaluation of Collector Dosage 
At the beginning of the in-plant studies, the preparation plant was employing very little 
collector to treat the flotation feed material. The dosage of collector No. 1 was around 
0.02 kg/t. As a result of the cavitation and air pretreatment techniques, significant 
improvements were seen even at this low collector rates as shown in Figure 5.3. Relative 
gains for recovery and carrying capacity were calculated based on the comparison to the 
tests without cavitation and air pretreatment. Enhanced rates in recovery and carrying 
capacity were likely a result of the micron-size bubbles nucleated on the surfaces of the 
coal particles which caused agglomeration and subsequently an elevated flotation rate 
through enhanced collision efficiency. 
 
 
Figure 5.2. Carrying capacity values for different methods and collectors at around 0.22 
to 0.33 kg/t. 
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Similarly, the agglomeration due to the bridging action between the coal particles and 
micro-bubbles improved the amount of bubble-particle aggregates that can be carried on 
the bubble surfaces, which resulted in higher carrying capacity values. After discovering 
the low collector dosage, the collector addition was increased to 0.11 kg/t, which was the 
lowest rate of collector addition throughout the remaining test program. Subsequently,  
collector dosages were incrementally increased for different brands to make a 
comparative study with and without the feed pretreatment methods. 
 
To evaluate the impact of collector dosage, tests were performed using collector No. 3 at 
three dosage levels of 0.11, 0.22 and 0.33 kg/t (0.25, 0.50 and 0.75 lbs/t, respectively) 
with and without air added to the feed of the cavitation system and without feed pre-
aeration. Operating at these low dosages was required due to the strong frother 
characteristic of this non-viscous collector, which reacts very fast to form numerous 
bubbles in the flotation circuit. A polyglycol type of frother, which is a stronger surface 
tension reducer that forms a more stable froth compared that of alcohol type, was added 
at a total concentration of 13.5 ppm. 
 
Figure 5.3. Improvement in the product mass flux as a result of feed pre-aeration at a  
collector dosage of 0.02 kg/t.  
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The recovery gained after turning on the cavitation system is shown in Figure 5.4 as a 
function of collector dosage. The standard test without feed pre-aeration is shown as the 
baseline of zero recovery gain. For the tests with the cavitation only, the recovery gain is 
around 10 absolute percentage units for all three collector dosages. On the other hand, 
with the addition of air, an increasing trend of recovery gain with the elevated collector 
dosage was realized when air was added to the cavitation system. A nearly 17 absolute 
percentage unit increase in recovery was obtained at a collector dosage of 0.33 kg/t.  
The improvement in recovery can be seen more clearly from the collector dosage 
relationship shown in Figure 5.5. Recovery can be enhanced by about 16 absolute 
percentage points at the highest amount of collector from the test without cavitation to 
that with cavitation and air addition. Without the use of feed pre-aeration, the 
combustible recovery achieved at a collector dosage of 0.33 kg/t was about 20%. A 
nearly equal recovery value was achieved at 0.11 kg/t of collector when using feed pre-
aeration with air added to the cavitation system. This means that the collector cost can be 
cut to 1/3 while using the cavitation and air together, which would have a significant 
impact on the reagent cost of a plant. Without air addition to the cavitation system, the 
same recovery values were obtained with 50% less collector as compared to no feed pre-
aeration. 
Figure 5.4. Flotation performance in terms of added recovery gain while taking the 
conditions without cavitation pretreatment as baseline. 
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Figure 5.5. Collector dosage reduction achievable using cavitation with and without the 
addition of air. 
Another way to look at the enhanced flotation performance is through the increased 
capacity of the bubbles to carry the floatable coal particles to the overflow launder of the 
flotation cell. As shown in Figure 5.6, the cavitation process (with and without air 
addition) had a substantial impact on the carrying capacity especially when using low 
collector dosages. These results clearly indicate that feed pre-aeration has a significant 
impact on both flotation rate and carrying capacity of the ultrafine particle given that 
collector enhances surface hydrophobicity. The aggregates formed by the micron-sized 
bubbles on the ultrafine particle improve the flotation rate through the probability of 
collision, which may counter the drop in the probability of attachment caused by the 
decrease in collector dosage. There is also the possibility of an elevated probability of 
attachment when surface nucleated bubbles interact with conventional bubbles. 
Regardless of the fundamental reason, the positive impact provided by feed pre-aeration 
on carrying capacity at any collector dosage is clearly evident by the plant data. 
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Figure 5.6. Additional carrying capacity gain with collector dose while taking the 
conditions without cavitation pretreatment as baseline. 
5.2.3. Importance of Collector Application Method 
One of the adjustments made during the in-plant tests involved the way in which collector 
was added to the flotation circuit. Initially, collector and frother were injected into the 
flotation feed stream at the same location, which was one floor above the flotation sump. 
Later, the collector pipe was diverted to drip on top of the flotation sump and placed 
closer to the flotation feed for better mixing conditions. Finally, the collector line was 
taken from this location extended to the top floor of the plant where the raw coal 
classifying cyclones were located. Collector flow was directed into the center of the 
cyclone overflow tub which was the feed to the flotation circuit. This step was taken in 
order to allow more time for the collector to be conditioned with the coal particles prior 
to its way to the StackCells.  
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Under the same operating conditions, application of collector showed a significant 
importance on the amount of product material reporting to the concentrate as shown in 
Figure 5.7. Carrying capacity was increased by about 60% on average for both cavitation 
methods, i.e., with and without air. 
 
5.2.4. Evaluation of Frother Dosage 
In addition to the analysis conducted on collector, frother addition to the flotation circuit 
was also studied to evaluate potential benefits of the cavitation feed pretreatment. In this 
evaluation, collector No.1 was applied at a rate of 0.11 kg/t for all tests through the 
injection to the feed pipe. The test without cavitation was conducted using an alcohol 
type frother at a total concentration of 14 ppm. Cavitation pretreatments, however, were 
applied using a polyglycol type frother at a total concentration of 12.5 ppm. As shown in 
Figure 5.8, carrying capacity values for the tests with and without the cavitation 
pretreatment were almost equal. However, in the case of cavitation pretreatment, 12% 
less frother was used. The addition of air provided around 60% increased carrying 
capacity, which might be due to a better dispersion of frother with the additional air. 
 
 
Figure 5.7. The impact of collector application on carrying capacity while employing 
cavitation pretreatments with and without the air addition. 
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Although both the frother type and the dosages were changed in this test, a combination 
of cavitation pretreatment and a stronger frother showed improved flotation performances 
while employing less frother to the cell. 
 
To achieve a head-to-head comparison for the impact of polyglycol frother with the 
cavitation pretreatments, another test was conducted under the same conditions in which 
the collector was added in the flotation sump at a rate of 0.3 kg/t. For the test without the 
cavitation pretreatment, the total frother concentration was 20.5 ppm. For the cavitation 
tests with and without the air addition, the total frother concentration was only 13.5 ppm. 
As shown in Figure 5.9, pre-aeration using the cavitation system without air addition 
performed better than the test without pretreatment. This suggests that, under the same 
operating conditions, the frother consumption can be reduced by more than 30% in the 
presence of cavitation pretreatment. Air addition prior to the cavitation tube system gave 
an additional 50% increase in the carrying capacity response, which is similar to the 
previous test.  
 
Figure 5.8. The impact of frother type and concentration on carrying capacity with the 
cavitation pretreatments, where (*) denotes a different testing condition. 
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Figure 5.9. The impact of frother concentration under the same conditions on carrying 
capacity with the cavitation pretreatments. 
 
The impact of cavitation pretreatment with air addition is even more apparent when the 
bubble-particle aggregates from StackCell products were compared visually as they were 
taken to buckets for sampling, as shown in Figure 5.10. Pictures for all product streams 
(left-#1, center-#2 and right-#3 StackCell product) show a clear distinction between 
bubble-particle aggregate sizes of the tests that employ both cavitation and air addition 
and the test without any pretreatment. This evidence also confirms the findings of the 
carrying capacity and the consequent product size analysis during the laboratory studies 
(Figure 4.30), which suggest that the cavitation pretreatment allows fine particles to be 
agglomerated through the bridging mechanism of the micron-sized bubbles.  
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Figure 5.10. Visual comparison of the bubble-particle aggregate sizes under different 
conditions from the first (left) to the third (right) StackCell product. 
The bubble size also indicates the impact of bubble size on improved recovery values, 
which is several times smaller for the test that employ both cavitation and air addition 
pretreatment. Air addition was applied at very small volumetric rates (1.4- to 1.55-
m3/min, 50- to 55-ft3/min) through a portable air compressor. However, as shown from 
the comparative studies above, air addition is not required for the improved performance. 
5.3. CONCLUSIONS 
Based on the positive laboratory results, a full-scale cavitation system developed by Eriez 
Flotation Divison-USA was installed into a flotation circuit that was comprised of three 
StackCells placed in series in which the tailings stream produced by one unit is the feed 
to the next. After installing the cavitation pre-aeration system in the feed pipe to the first 
StackCell, a detailed full-scale in-plant test program was conducted to optimize 
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performance, quantify recovery improvement and evaluate the potential of reducing the 
amount of flotation reagents.  
 
Prior to the start of the in-plant tests, the preparation plant changed the coal feed source 
to the Peerless seam to produce coal for the metallurgical market. The volumetric feed 
rate to the circuit was around 11000 L/min with a solids flow rate of 60 t/h under 
standard solid concentrations (≈8.5%). Identical recovery values were achieved using 
50% less collector when utilizing the cavitation system with no air and 67% less collector 
when injecting 1.4-1.55 m3/min (50-55 ft3/min) of air in the feed to the cavitation system. 
At a constant collector dosage, recovery increased by 10 absolute percentage point with 
cavitation without additional air and 17 absolute points when additional air is provided to 
the feed of the cavitation system. Carrying capacity improved by 46% to 68%. 
 
The industrial cavitation tube system used in this research can be easily installed into 
existing flotation circuits given the spacing and piping diagram of the plant. In addition, a 
pump-fed system is required to ensure the minimum 172-kPa (25-psi) pressure drop at 
the entrance of each cavitation tubes for proper micro-bubble generation on coal surfaces 
in the feed slurry. Air addition to the system is not required but can be implemented using 
a small external air compressor as an additional way to increase the micro-bubble 
population prior to the cavitation tubes. The amount of air addition was minimal 
compared to the feed flow rate when it was employed, i.e., 1.4-1.55 m3/min air addition 
for 11000 L/min feed slurry flow.  
 
As a result of the in-plant testing, feed pre-aeration to a flotation system was found to 
provide enhanced flotation rates and carrying capacities. The improvement was found to 
be preferentially achieved on the ultrafine particle size fractions of the feed. The 
improvement is likely due to aggregation of the ultrafine coal particles using the micron-
sized bubbles generated by cavitation as the bridging medium. Recently published data 
also suggests the possibility of enhanced attractive interactions between a micron-sized 
bubble attached to a particle surface and a bubble produced by a conventional generator.  
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CHAPTER 6 
6. APPLICATION OF HIGHLY HYDROPHOBIC PARTICLES FOR ENHANCED 
COAL RECOVERY 
 
6.1. INTRODUCTION 
 
As previously mentioned in Sections 1.1 and 2.1, the amount of mass being carried by a 
bubble during the flotation process is a function of particle size, particle density and the 
packing density of the particles on the bubble surface. The maximum capacity reporting 
to the top of the flotation cell can be estimated from the bubble surface area flux, Sb, in 
Eq. (2.6) after neglecting the effects of particle agglomeration. At low feed solid 
contents, the separation is based on differences in flotation rates, which is commonly 
referred to as rate-limited conditions where sufficient bubble surface area is available 
throughout the froth zone to ensure nearly 100% froth zone recovery as shown in Figure 
6.1. When the bubble surfaces reporting to the top of the cell are completely full, the 
product mass rate reaches a maximum which is known as carrying capacity limiting 
conditions.  
 
The maximum carrying capacity value will be maintained over any further increases in 
feed mass flux if the floatable material has a narrow particle size distribution (mono-
size). However, for floatable material with a broad size distribution a further elevation of 
the feed mass flux will result in a drop in the product mass flux due to the selective 
detachment of the coarse particles, which have more overall mass than the fine particles 
that remain on the bubble. Since the amount of mass being carried by a bubble is a 
function of particle size, particle density and the packing density of the particles on the 
bubble surface, coarse particles are hypothesized to preferentially detach first from the 
bubble.  
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Figure 6.1. Illustration of kinetic limiting vs. carrying capacity limiting flotation 
conditions (Honaker and Ozsever, 2002). 
With the addition of plastic particles in the feed, the recovery responses showed that the 
carrying-capacity may be maintained at a given product mass flux rate with no selective 
detachment of coarse particles. This hypothesis was evaluated through carrying capacity 
tests by varying the feed solids content while holding the volumetric feed rate constant.
As a result, the particle retention time is effectively held constant over the range of feed 
solid concentrations. 
Extensive research indicated that froth flotation performance varies significantly as a 
function of particle size. As previously discussed in Section 1.1, the upper particle size 
limit is associated with the detachment process of the bubble-particle aggregates from the 
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bubble surfaces. Therefore, the probability of detachment, Pd, is higher for coarse 
particles, which is around 500 microns for coal.  
 
Luttrell (2010) provided evidence of the selective detachment of coarse particles using 
data collected from an operating flotation circuit. Samples were collected from the 
flotation circuit on a daily basis and analyzed for particle size distribution and ash content 
which allowed the calculation of size-by-size recovery as shown in Figure 6.2. Recovery 
of coal in particle size fractions greater than 250 μm (65 Mesh) was significantly 
sensitive to plant operating conditions, which may be caused by the changes in the plant 
operation such as increased feed solids concentration. Thus, maximizing flotation 
recovery requires limiting coarse (+250 μm) material in the feed or developing an 
alternative that will provide a consistent recovery of coarser particles. Stabilizing the 
flotation froth by minimizing bubble coalescence is a potential method to reduce particle 
detachment and thus increase coarse particle recovery. The proposed method achieves 
this task through the addition of hydrophobic (θ≈85°) plastic particles. The plastic 
material is comprised of a significant amount of magnetite which makes the material 
recoverable by a low intensity magnetic separator. Stabilization of the froth and 
maximizing bubble surface area rate (Sb) to maximize coarse particle recovery is the 
focus of the wok presented in this chapter. 
 
6.1.1. Coalescence 
In a three-phase froth structure, the network of interconnected thin liquid films in the 
froth, i.e. lamellae, separating the bubbles contain the selectively attached hydrophobic 
particles. In addition, Plateau borders are known as the intersection of three thin films (or 
lamellae) in froth and four Plateau borders form a vertex which contain the liquid slurry 
and freely moving particles (Neethling and Cilliers, 2003; Cilliers, 2007; Dürr-Auster, 
2008). 
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Figure 6.2. Variability in plant flotation performance as a function of particle size 
(Luttrell, 2010). 
As the particle-bubble aggregates rise through the froth phase, the bubble walls thin due 
to water drainage thereby inducing bubble coalescence. Bubble coalescence within the 
froth or bursting on the surface occurs when two bubbles first collide and trap a small 
amount of liquid with some hydrophobic particles between them in the lamellae. Particles 
that are not attached to lamellae move freely through the Plateau borders and can drain 
back into the pulp. Liquid drainage continues until the liquid film separating the bubbles 
reaches a critical thickness. The thinning and ultimately the rupture of the liquid film 
beyond this critical value results in the coalescence of two neighboring bubbles with the 
release of attached particles into the Plateau borders and the destabilization of liquid 
foams. Since the time for the film rupture to take place is generally faster than that of the 
film thinning process by the trapped liquid, enough time should be given to the latter for 
157
coalescence to occur. In other words, a particle needs to stay at the interface sufficiently 
longer than the liquid drainage time between the interfaces in order for coalescence to 
take place (Marrucci, 1969; Pince and Blanch, 1990; Chhabra, 1993; Lin et al, 1998; 
Dürr-Auster, 2008; Yang et al., 2012). 
The importance of the Plateau borders and vertex network on flotation is well known 
from the relationship between the gangue recovery and water recovery. Entrainment from 
the pulp is solely responsible for the gangue particles entering the Plateau border network 
as shown in Figure 6.3. However, hydrophobic particles are both entrained from the pulp 
and enter the Plateau borders by coalescence or lamellae failure. The motion of both the 
hydrophobic and hydrophilic particles is determined only by their physical properties 
when they are within the Plateau borders, not due to surface properties. Since the 
flotation froths are unstable and the bubbles coalesce in the froth and burst on the surface, 
the froth rapidly undergoes significant structural change, which makes the prediction of 
coalescence and bursting is highly complex (Neethling and Cilliers, 2003; Cilliers, 2006; 
Cilliers, 2007). 
 
Figure 6.3. Plateau border network in the presence of flotation feed material with 
different characteristics (Honaker, 2008). 
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As a result of the coalescence mechanism, the total bubble surface area of the froth 
declines over time as the aggregate rises to the top of the cell. In addition to the coarse 
particles, selective detachment of the weakly hydrophobic particles also occurs when 
particles compete for attachment sites. Depending on surface area availability, the 
detached particles can re-attach to a bubble at a lower point in the froth zone. 
 
Overall, coalescence is a thermodynamically favored process since it involves surface 
area reduction by joining two bubbles in a liquid to form one larger bubble. As mentioned 
above, bubble coalescence takes place in three successive steps: 1) approach of the 
bubbles and bubble-bubble collision and thin film formation, 2) film drainage and 3) film 
rupture. These steps need to take place during the collision process to realize bubble 
coalescence. Among the three steps, film drainage is interrelated both to the bubble 
collision and the film rupture (Henry, 2009). 
 
6.1.2. Drainage 
One of the key processes in froth flotation is the transportation of particles by being 
attached to the bubble lamellae or by remaining unattached to move through the Plateau 
borders and become drained. This is determined by the change in bubble size from the 
pulp-froth interface to the froth launder in addition to the air fraction entering the froth 
bursting on the surface. The drainage (or recovery) of liquid depends on the motion and 
distribution of liquid throughout the Plateau borders, which represent significantly 
different flow behaviors between the liquid draining through foams (and froths) and a 
packed bed of solid particles. This is because the Plateau borders in the foam, through 
which the liquid drains, change dimension with the variation in liquid velocity. However, 
in the packed beds, the channel diameters are fixed (Cilliers, 2007). 
 
The one-dimensional drainage equation based on a force balance on the liquid in the 
Plateau borders was originally reported by Leonard and Lemlich (1965) and 
independently extended for two-dimensional flowing foams by Verbist et al. (1996).  
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For flotation froths with low volumetric liquid fractions, the two-dimensional foam 
drainage equation (Eq. (6.1)) can be used which represents a balance between the gravity, 
viscous drag and capillary forces. In the froth phase, gravity acts downwards, viscous 
drag occurs as the liquid moves relative to the air bubbles and capillary suction depends 
on the changes in the curvature of the Plateau border interfaces. This is the key difference 
between foam drainage and drainage through a packed bed of solids in a froth (Neethling 
and Cilliers, 2003; Cilliers, 2007). The expression to quantify the liquid drainage 
velocity, v1, is: 
 
v1 = −k1APB −
k2
A
dA
dy
+Vg ,
      
      (6.1) 
 
where APB is the cross-sectional area of a Plateau border, which changes with froth 
height, vg is superficial gas rate, k1 constant is the balance between gravity and viscosity 
and k2 constant is the balance between capillary suction and gravity.  
 
The constants k1 and k2 can be defined as: 
 
k1 =
ρg
3CPBμ
,
 
 
           (6.2) 
k2 =
3 −
π
2
⎛
⎝
⎜
⎞
⎠
⎟γ
6CPBμ
,
 
          
 
where ρ, γ, μ, and CPB are the density, surface tension, viscosity and viscous drag 
coefficient of the liquid (or slurry in the case of flotation froths) in the Plateau borders, 
respectively. CPB decreases with increased interface mobility, however, in the case of 
solid-coated flotation froths, the interface can be considered as immobile, where CPB ≈ 
50.  
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According to Haas and Johnson (1967), the main driving forces for drainage are gravity 
and capillary suction and there are indeed two types of drainage: drainage of liquid from 
films to borders due to capillary suction and drainage of liquid through the network of 
borders due to gravity. Capillary suction is a function of the pressure difference between 
the foam film and the border, as shown in a Figure 6.4 of a single border and the pressure 
gradient induced by capillary suction (Dürr-Auster, 2008). 
The pressure gradient results from the curvature of the liquid-gas surfaces and can be 
expressed by: 
ΔP = Pfilm −Pborder =
σ
Ri   
(6.3) 
where Pfilm and Pborder are the hydrostatic pressures in the liquid film and the border,
respectively, σ the surface tension and Ri  is the radius of curvature. In froth flotation, the 
dimensions of the network of liquid channels vary with the liquid content and the bubble 
size. Eq. (6.3) also indicates that the rate of film (lamellae) drainage is a function of the
bubble size distribution which is proportional to the bubble curvature (Dürr-Auster, 
2008). 
 
Figure 6.4. Profile view of a single foam border showing the high- and low-pressure  
gradients around Plateau borders for bubbles of different diameters (Dürr- 
Auster, 2008). 
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6.1.3. Froth Stability  
Froth stability is an essential component of a flotation system for the achievement of 
satisfactory separation. An overly stable (metastable) froth is difficult to handle, and
results in hydraulic entrainment of undesired particles. On the other hand, an unstable 
froth may not be able carry the attached hydrophobic particles to the froth launder. Froth 
stability is defined as the ability of building a froth depth without causing coalescence.  
There are a number of variables that can affect the froth stability of a flotation system. 
These variables can be classified under three categories, i.e., hydrodynamic conditions, 
particle properties and chemical regime. Avery-Edwards et al., (1994) provided a 
breakdown of the key effects as: 
1. Viscous Effects:  
Under high bulk viscosity conditions, every motion, including that causing the drainage 
of the bubble-wall, slows down. In addition, high surface viscosity delays the drainage of 
the thin bubble film and the surface deformation that can result in bubble breakage. 
2. Marangoni Effect:  
Gibbs surface elasticity, which is commonly referred to as the Marangoni effect, is the 
surface tension gradient along the air-liquid interface that acts to preserve the film 
thickness and to prevent bubble coalescence as shown in Figure 6.5. 
 
Figure 6.5. Liquid drainage between two bubbles and the preventing Marangoni effect in 
a cross-sectional view (Dürr-Auster, 2008). 
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3. Repulsive Effects:  
In ionic systems, foam film stability can be maintained by the repulsion of electric double 
layers. In nonionic systems containing adsorbed polymer chains, entropic repulsion has a 
stabilizing effect for very thin films. 
 
4. Other Effects:  
In addition to the abovementioned effects, the bubble collapse can be delayed by slowing 
down the bubble size changes and the mechanical stress through reduced gas diffusion 
between bubbles. Also, film elasticity plays a role in order to recover from the force 
applied on the bubble thin film. 
 
As reported by many researchers, the stability and drainage of a three-phase (gas-liquid-
solid interface) froth depends strongly on the hydrophobicity of the particles present in 
the froth. Cho and Laskowski (2002) and Tan et al. (2005a, b) showed that the froth 
stability also depends on the size, shape and wetting properties of the particles. 
 
Froth stability provided by hydrophobic solid particles reportedly occurs due to 
restriction of the drainage of the liquid from the thin water layer surrounding air bubbles. 
In short, the stronger the particle adsorption to the bubble, the more stable the froth 
becomes. Thus, froth stability benefits from the increase in the contact angle of particles 
to a certain critical value. Experimental data suggests that hydrophobic particles with 
contact angles between 65° and 90° enhance froth stability and those with contact angles 
greater than 90° destabilize the froth (Dippenaar, 1982b; Garrett, 1993). In the latter case, 
the particles begin to work as bridges between bubbles that eventually are drawn together 
by the highly hydrophobic solid surface. As a result, the water thin film thins and bubble 
coalescence occurs. However, in the case of partial wetting, the particles trap the liquid 
and make the film more stable (Ip et al., 1999). Large concentrations of small 
hydrophobic particles were found to stabilize the froth through a closely packed 
monolayer bed that prevents the particles going out of the film and keeps the interfaces 
contacting each other for film rupture (Dippenaar, 1982a). In terms of the viscosity, the 
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presence of hydrophobic particles adsorbed on floatable particles significantly increase 
the froth phase, which in turn slows down the drainage process (Jiang, 1998). Froth 
stability for coarse coal particles is determined exclusively by the additional collector 
dosage in the flotation system, which reduces the selectivity between the particles of 
different qualities. As an alternative approach, improvements in coal recovery, especially 
for coarse sizes, was evaluated in the presence of recoverable plastic particles in the feed. 
 
6.1.4. Previous Research 
The study reported by Munoz-Diaz (2007) was initially performed to assess the flotation 
rate and the corresponding recovery improvement realized by the addition of 
hydrophobic plastic material at different concentrations (0%, 2%, 5% and 10% by 
weight) in a laboratory conventional flotation cell. The results presented in Figure 6.6 
summarizes the average results obtained from repetitive tests for both Pittsburgh No. 8 
and Coalburg coals under the same conditions. The results from the multiple tests 
indicated excellent repeatability. For both Pittsburgh No. 8 and Coalburg coals, the 
addition of 10% (by weight) plastic material significantly improved the flotation recovery 
by about 10 and 15 absolute percentage points, respectively, after one minute of flotation.  
 
The data presented in Figure 6.6 was used to assess the effect of the plastic addition on 
the flotation rate achieved in the first one minute. Table 6.1 is the average one-minute 
flotation rate and recovery values achieved with and without plastic material. The plastic 
addition increased flotation rate by 45% for the Coalburg coal and 26% for the Pittsburgh 
No. 8 coal which provided a significant recovery increase for both coal sources. The 
contact angle of the plastic material was reported to be around 84° which was ideal for 
froth stability. 
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Figure 6.6. Flotation performances at different concentrations of magnetic plastic  
material addition using Coalburg and Pittsburgh No. 8 coals  (Munoz-Diaz,  
2007). 
The data presented in Figure 6.6 was used to assess the effect of the plastic addition on 
the flotation rate achieved in the first one minute. Table 6.1 is the average one minute 
flotation rate and recovery values achieved with and without plastic material. The plastic 
addition increased flotation rate by 45% for the Coalburg coal and 26% for the Pittsburgh 
No. 8 coal which provided a significant recovery increase for both coal sources. The 
contact angle of the plastic material was reported to be around 84° which was ideal for 
froth stability. 
In order to determine the flotation rate, the recovery data achieved within the first minute 
of flotation were used. The average of the recovery values from the repetitive tests 
showed that, the flotation rate of the Coalburg and Pittsburgh No. 8 coals were increased 
by 45% and 26%, respectively, by the addition of the magnetic plastic particles at a 
concentration of 10% by weight, as shown in Table 6.1. 
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Table 6.1. Flotation performances after repetitive tests for Coalburg and Pittsburgh No. 8 
coals at 0% and 10% magnetic plastics using a residence time of one minute 
(Munoz-Diaz, 2007). 
Test 
Identification 
Coalburg Coal Pittsburgh No. 8 Coal 
Flotation 
Rate 
(min-1) 
Flotation 
Recovery 
(%) 
Flotation 
Rate 
(min-1) 
Flotation 
Recovery 
(%) 
Standard 0.51 61.1 1.04 80.7 
10% Plastic 0.74 77.4 1.31 91.7 
 
During the initial study by Munoz-Diaz (2007), Pittsburgh No. 8 coal was used to assess 
the impact of 10% plastic material addition (by weight) while the slurry pH was varied 
from 3.9 to 10.1. Neutral pH conditions, which was found to be slightly lower than 7.0, 
have shown the best separation performances compared to significantly depressed 
flotation recovery values obtained under pH values of 3.9 and 10.1. The addition of 
plastic particle at 10% concentration (by weight) increased the flotation recovery by 
about 50 absolute percentage points for both low and high pH conditions. The improved 
recovery response is a direct result of the increased flotation rate values, as shown in 
Table 6.2. 
 
Table 6.2. Flotation rate improvements achieved under varying pH conditions when 
adding plastic particles to Pittsburgh No. 8 coal at a concentration of 10% by 
weight (Munoz-Diaz, 2007). 
Test Identification Flotation Rate (min-1) 
Flotation 
Recovery (%) 
pH 7.4 Standard 0.66 60.5 
10% Plastic 1.32 96.0 
pH 3.9 Standard 0.30 32.8 
10% Plastic 1.51 85.8 
pH 10.1 Standard 0.30 32.8 
10% Plastic 1.33 82.7 
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Using a coal source with good flotation characteristics, the feed solids content was varied 
from 2 to 12% in the previous study while maintaining the volumetric feed rate at 800-
ml/min flow rate. Similar to the proposed mechanism illustrated in Figure 6.1, the 
product mass flux rate increased in direct proportion to the amount of floatable material 
entering the feed stream as the feed solid content is increased as shown in Figure 6.7. 
However, after the carrying capacity limit is reached at around 1.2 t/h/m2, a further 
increase in the feed solids concentration significantly reduced the amount of material that 
can be carried on bubble surface, which in turn sharply decreased the amount of product 
reporting to the concentrate. With the addition of plastic particles at 5% and, especially, 
at 10% concentration, improved the carrying capacity conditions were seen compared to 
that with no plastic particles. In fact, additional increase in the feed solids concentration 
indicated a near constant product mass rate after reaching carrying capacity in the 
presence of 10% (by weight) plastic particles in the feed slurry.  
 
Figure 6.7. The impact of plastic particle addition at varying concentrations on carrying 
capacity characteristics for the Pittsburgh No. 8 coal (Munoz-Diaz, 2007). 
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In conclusion, the previous study reported by Munoz-Diaz (2007) has shown promising 
results indicating a significant enhancement in separation performance thorough the 
addition of magnetic hydrophobic particles to the flotation process. From the previous 
research, the detachment process has been shown to be selective toward the rejection of 
the more weakly hydrophobic solids. However, the most significant discovery was the 
doubling of the flotation rate and the improvement was the greatest for the coarsest 
particle size fractions. 
 
In the current research, laboratory conventional and column flotation cells were used to 
collect the necessary data needed to fully validate previous findings and quantify the 
fundamental mechanisms governing the impact of the magnetic plastic material addition 
to the flotation system. Coal samples of varying degrees of floatability were used in the 
preliminary study and in the current research, respectively, as the test material to evaluate 
the effect of change in the flotation processes.  
 
Using well-known fundamental relationships, flotation rates and the resulting recovery 
responses were quantified. In addition, to exploit the change in carrying capacity 
relationship, experiments were performed to explain the preferential recovery 
improvement observed for the coarse particles in the presence of hydrophobic plastic 
material. Flotation rate improvements related with the surface properties, especially under 
low and high pH conditions, were also evaluated under specific characterization studies. 
 
6.2. RESULTS AND DISCUSSION 
The impact of external hydrophobic material addition on the flotation performance was 
initially studied and promising results were reported by Munoz-Diaz (2007) using 
Pittsburgh No. 8 and Coalburg coal samples from Monongalia and Logan Counties in 
West Virginia, respectively. From these two different bituminous coal samples, 
Pittsburgh No. 8 coal was characterized as very floatable (easy-to-float) with relatively 
high amount of coal pyrite (FeS2) while the Coalburg coal had a relatively high content of 
middling (mixed-phase) particles (10% to 20%) with poor flotation characteristics. 
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PolyMag™ Black Pellet (PMBP) was used as the external hydrophobic material, which is 
a plastic product that contains a significant amount of magnetite that can easily be 
recovered using a low intensity magnetic separator. 
 
The current research study aims to validate the previous findings and advance the 
fundamental understanding of the mechanisms involved for the improved flotation 
performance from the addition of hydrophobic plastic particles. This section is divided in 
two subsections to describe the results obtained from flotation rate tests conducted in a 
laboratory conventional cell followed by experiments performed in a continuously 
operated flotation column. The flotation tests were performed over a range of feed, 
operating and surface chemistry conditions. 
 
6.2.1. Conventional Flotation Tests  
The addition of magnetic plastic particles was initially evaluated in a laboratory 
conventional flotation cell to provide an indication of the effect on flotation rate. The 
external hydrophobic material was added in the feed slurry at concentrations expressed as 
total solid mass percentage. The flotation tests were performed under varying operating 
conditions as a function of time on two different coal samples. 
 
6.2.1.1. Flotation Rate and Recovery Response 
The investigation was initiated with conventional flotation tests to validate and confirm 
the flotation rate response and the corresponding froth recovery improvement previously 
reported by Munoz-Diaz, (2007). Different concentration combinations of collector (C) 
and frother (F) were used depending on the flotation characteristics of these coal types. 
For the Coalburg coal, the addition of 5% (by weight) magnetic plastic material showed 
approximately the same results compared to that with no plastics addition at the very 
beginning of sample collection (0 to 30 seconds) as shown in Figure 6.8. However, 
improvement increased considerably relative to the flotation performance of the sample 
with no plastics after 30 seconds, which was consistently higher at around 8.5 absolute 
percentage points on average from 30 seconds to 2 minutes. Similarly, the addition of 
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10% (by weight) plastic material to Coalburg flotation feed showed a significantly 
improved combustible recovery response from the start of sample collection up to one 
minute flotation time, which was steady at around 15 absolute percentage points on 
average compared to that with no plastics. These results compare well with those reported 
by Munoz-Diaz, (2007) and presented in Figure 6.6. 
In addition, the recovery improvements were still significant even after the first minute,
at both plastic concentrations compared to the results with no plastics added. This may 
also suggest that the magnetic plastic material is improving the floatability and recovery 
of the slow-floating fraction of the Coalburg coal. After 2 minutes of flotation, very 
similar recovery responses were obtained between the tests with 5% and 10% magnetic 
plastic material addition and all data points were converged at after 4 minutes of 
flotation, which were higher than 90% combustible recovery. 
Figure 6.8. Flotation performances for different concentrations of magnetic plastic    
material using Coalburg and metallurgical coals; C=collector, F=frother. 
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One might note from Figure 6.8 that, with the addition of 10% magnetic plastic material, 
the retention time to achieve similar recovery values was reduced to one half compared to 
that of no plastics addition. Kinetic flotation test results revealed that the addition of 
highly hydrophobic particles to the flotation feed have a potential benefit in recovering 
difficult-to-clean coals, such as Coalburg coal, through reduced retention times, which is 
a major constraint during industrial flotation of these coals. 
 
For metallurgical coal with very good flotation characteristics, the plastic material 
addition and the flotation reagent dosages were maintained at a lower concentration 
compared to that of the difficult-to-float coal source. Figure 6.8 clearly shows that the test 
with the high collector dosage with no plastics and the one with low collector dosage and 
5% (by weight) plastics resulted in nearly equal flotation responses which may suggest 
that the plastic material was acting to counter the effect of the lower collector dosage. 
The recovery improvement was about 10 absolute percentage points at the beginning of 
the flotation period (0 to 30 seconds) for both tests. However, a difference of about 3 
absolute percentage points in recovery was noted at one minute of flotation which 
suggests that a portion of the slow-floating particles responded faster in the presence of 
the magnetic plastic particles. An increase in plastic addition beyond 5% was not found 
to provide a significant improvement in flotation performance. 
 
Since the metallurgical coal was already an excellent floating coal the recovery gains 
were significant but lower than that achieved on the Coalburg coal shown by the 
summary in Table 6.3. The flotation rate for the Coalburg coal increased by 56% using 
10% plastic addition which provided about 15 absolute percentage point increase in 
recovery. For the metallurgical coal the flotation rate increase was 21% with 5% plastic 
addition. As shown from the feed characterization analysis (Table 3.3), KC Coalburg 
sample had a greater amount of coarse particles (+150 microns) in the feed. Since the 
metallurgical coal has a higher contact angle than that of the Coalburg coal (Table 3.13), 
coarse particles would be more readily floated than the Coalburg coal. 
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Table 6.3. Flotation performances with the addition of 5% and 10% magnetic material 
after one minute of flotation for Coalburg and Eagle coal samples. 
Test 
Identification 
Coalburg Coal 
C: 0.25 kg/t, F: 20ppm 
Metallurgical Coal 
C: 0.25 kg/t, F: 10ppm 
Flotation 
Rate 
(min-1) 
Flotation 
Recovery 
(%) 
Flotation 
Rate 
(min-1) 
Flotation 
Recovery 
(%) 
Standard 0.93 59.2 2.14 83.4 
5% Plastic 1.19 68.6 2.60 87.9 
10% Plastic 1.45 74.9 N/A N/A 
 
The significant improvement in combustible recovery in terms of absolute percentage 
gains is more clearly shown in Figure 6.9 for the two coal types and conditions with the 
addition of hydrophobic particles. The recovery improvement is around 15 absolute 
percentage points on average after one minute of flotation at 10% plastic particle 
concentration. This value was around 7.5 absolute percentage points on average after one 
minute of flotation for both coal sources at 5% plastic material concentration by weight. 
 
The majority of the plastic particles were recovered in the froth concentrate within the 
first 15 seconds of flotation as shown in Figure 6.10. To obtain this information, the 
flotation concentrates and tailing samples were processed through a magnetic separator 
for a total of three times each. Around 65% of the plastic particles were recovered in 15 
seconds of floating the Coalburg coal and nearly 80% were floated when treating the 
metallurgical coal. Over 95% was recovered in one minute of flotation for both coal 
sources. It is interesting to note that coal recovery gains were realized much past the one-
minute flotation time as shown in Figure 6.9.  
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Figure 6.9. Absolute percent recovery improvements as a function of flotation time for 
Coalburg and Metallurgical coals with 5% and 10% plastic addition. 
 
Figure 6.10. Recovery of magnetic plastic particles after the flotation rate tests for  
                     different coal types and reagent and plastic concentrations. 
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Although it may not be the primary reason for the enhanced coal recovery, plastic particle 
addition may also improve surface hydrophobicity which in turn result in increased 
flotation rate values. The improved flotation performance based on this hypothesis may 
be due to the hydrophobic force, as discussed before in Sections (4.1.2.1) and (4.1.3.2), 
which is a very strong attractive force that exists between hydrophobic particles 
(including air bubbles) such as the plastic particles (Yoon and Mao, 1996; Yoon and 
Aksoy, 1999).  
 
6.2.1.2. Effect of pH and Surface Forces 
During the bubble-particle attachment process, the electrostatic charge of the particle and 
the bubble surfaces play a significant role in addition to surface hydrophobicity. The zeta-
potential measurements were used to measure the surface charge as a function of pH and 
the results were presented in Section 3.3.1.5. The surface chemistry study indicated that 
coal particles and plastic material are negatively charged through most of the typical 
operating pH values of 3 to 10. This points to the existence of a significant repulsive 
force which increases in magnitude with an increase in pH. It is well established that 
higher surface charges lead to significant repulsive forces between the bubbles and the 
particles which typically slows and even prevents the bubble-particle attachment. 
Previous studies have suggested that the optimum coal flotation recovery usually occurs 
under neutral (pH≈7) pH conditions (Parekh and Miller, 1998). 
 
The effect of slurry pH on the recovery gains achieved by the plastic article addition was 
investigated using the more difficult-to-float Coalburg coal. Similar to previous findings, 
the best flotation performance was achieved at a near neutral pH of 7.5.  In fact, little to 
no flotation occurred at slurry pH values of 4 and 10. However, the addition of 10% 
plastic particles provided flotation recovery under all pH conditions with the optimum 
occurring at pH 7.5 as shown in Figure 6.11. The results were especially impressive at pH 
4 where the recovery gain was around 40%. The lack of flotation at pH 4 with no plastic 
particle addition is mainly due to the adsorption of clay particles due to electrostatic 
attraction forces.  
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Figure 6.11. Impact of slurry pH on the recovery improvements realized when adding 
plastic particles to a conventional flotation feed containing Coalburg coal. 
Given that the plastic particles have an isoelectric point (point of zero charge) at around 
pH 4, the lack of clay adsorption and the reason for the sharp recovery gain is unknown. 
The recovery gain at the high pH value of 10 is likely a result of the very attractive 
hydrophobic interaction energy which may be linked to the highly hydrophobic nature of 
the plastic surfaces. The resulting hydrophobic force is attractive to interact between the 
particle surfaces to overcome the electrostatic repulsive forces. 
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Flotation recovery gains can be highlighted more clearly as a function of flotation time in 
Figure 6.12 for different pH conditions studied. Nearly equal flotation recovery gains of 
around 15 absolute percentage points were realized over the entire flotation time for pH 
value of 7.5. On the other hand, under low and high pH conditions, the overall 
improvement increased with flotation time. Particularly under pH 4, the largest increase 
was realized in the later stages of the flotation period. This trend can be explained with 
the smaller negative charges on the particle surfaces at pH 4 compared to that at pH 10, 
which results in relatively favorable electrostatic interactions in addition to the 
hydrophobic interaction force due to the plastic particles. 
 
Recovery improvement can be linked to the increased flotation rate values, as shown in 
Table 6.4, which are based on the flotation data after one minute. The results show 
significantly enhanced flotation kinetics, especially for the depressed flotation responses 
under low and high pH conditions with the addition of plastic particles.  
 
 
Figure 6.12. Absolute percent recovery improvements as a function of flotation time for 
Coalburg coal under different feed slurry pH conditions. 
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Table 6.4. Flotation rate improvements achieved under varying pH conditions on 
Coalburg coal with 10% plastic particle addition. 
Test Identification Fast Flotation Rate (kf, min-1) 
Flotation 
Recovery (%) 
pH=7.5 Standard 0.70 66.8 
10% Plastic 1.06 82.1 
pH=10 Standard 0.02 2.43 
10% Plastic 0.13 14.9 
pH=4 Standard 0.01 0.94 
10% Plastic 0.38 36.8 
 
6.2.2. Column Flotation Tests  
Continuously-operated, laboratory column flotation tests were performed using the setup 
detailed in Figure 3.3 to further investigate the overall impacts of the addition of plastic 
particles on the flotation performance. As mentioned before, the hydrodynamic 
conditions affecting the flotation performance for the conventional cell and the flotation 
column are different due to the geometric dimensions of the units. The length-to-diameter 
(L:D) ratio is higher for the column flotation units compared to that of the conventional 
cell, which provides near plug-flow mixing conditions which are optimum for recovery. 
As a result, lower overall recovery improvements were expected compared to those from 
the conventional cells since the mixing conditions are more ideal for the flotation 
columns.  
 
6.2.2.1. Volumetric Feed Rate Evaluation 
The column flotation tests were performed over a range of volumetric flow rates which 
provided a range of particle retention time conditions. Plastic particles were added to the 
flotation feed containing Coalburg coal in the sump and mixed thoroughly before being 
fed to the flotation column through a peristaltic pump at a predetermined rate (300 to 
1200 ml/min). The operating parameters of the column tests (Table 3.4) were based on 
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the findings of previous studies (Ozsever, 2005; Munoz-Diaz, 2007). When the 
separation performance is compared with the release analysis, the flotation feed including 
10% (by weight) plastic particles resulted in nearly equal selectivity as achieved with no 
plastic addition as shown in Figure 6.13. The recovery versus product ash content 
relationship is essentially the same and close to the ultimate performance predicted by the 
release analysis curve. However, the results from the tests including plastic addition were 
higher on the recovery-grade curve. Given that the volumetric feed rates used with and 
without plastic addition were the same, the trend indicated improvements in flotation 
recovery.  
The impact of the plastic particle addition was evident when the combustible recovery 
values were plotted as a function of volumetric feed flow rate as shown in Figure 6.14 
which also includes the column flotation test results reported from a previous study using 
coal from the same seam. Test results from both analyses revealed that the recovery
response with increased feed rate was nearly steady up to 600 ml/min with and without 
the plastics addition. 
 
Figure 6.13. Separation performance achieved when treating Coalburg coal in a flotation  
column with and without plastic particles in the feed; volumetric feed  
rate=300-1200 ml/min. 
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Further increases in the volumetric feed rate after this point, however, resulted in a 
significant drop of the recovery values for the standard column flotation conditions. With 
the addition of 10% plastic particles by weight, a recovery improvement of about 5
absolute percentage points was achieved on average for the feed rates between 600 and 
800 ml/min in the Munoz-Diaz (2007) study. Similarly, improved recovery values were
found for the current study with average gains of nearly 6 absolute percentage points for 
the feed rates between 750 and 900 ml/min. In both cases, the addition plastic particles 
had a minimal effect on product ash content.
Figure 6.14. Flotation performance achieved as a function of volumetric feed rate while 
treating difficult-to-float coals in a flotation column using 10% plastic 
particle concentration by weight. 
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The data from the two studies in Figure 6.14 provide significant evidence that the 
addition of the plastic particles substantially increased flotation rate. The recovery 
differential with the addition of 10% (by weight) plastic particles increased up to 12.5 
absolute percentage points at 1200-ml/min flow rate. Although aggregation of plastic 
particles onto coal surfaces may not be the primary reason for the enhanced coal 
recovery, the results are especially important for the retention time constrained flotation 
applications such as those typically associated with the difficult-to-float Coalburg coal 
source. 
 
6.2.2.2. Carrying Capacity Evaluation 
As previously noted, it was believed that the primary impact of adding the hydrophobic 
plastic was to improve froth stability which would increase carrying capacity. This 
advantage was investigated using the Coalburg coal sample. During the testing 
procedure, feed solid concentration was varied from 2% to 16% by weight while 
maintaining the volumetric feed rate at 1050 ml/min. As shown in Figure 6.15, carrying 
capacity conditions were reached at around 12% solid concentration (by weight) feed. 
With 10% (by weight) plastic particle addition to the feed slurry, the carrying capacity 
conditions were maintained up to 16% feed solids content, which was the highest 
concentration tested. The product rate decreased noticeably without the plastic particle 
addition after reaching carrying capacity. This finding suggested a preferential impact on 
the coarsest particle size fractions in the flotation feed. 
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Figure 6.15. The impact of plastic particle addition on carrying capacity characteristics 
for the Coalburg coal from Kanawha County, West Virginia for different 
feed solid concentrations. 
6.2.2.3. Particle Size-by-Size Flotation 
The impact on flotation performance was evaluated on a particle size-by-size basis and 
plotted against the mass yield, or weight recovery, as shown in Figures 6.16 and 6.17. At 
10% (by weight) concentration of plastic particle addition to the feed slurry, weight 
recovery was improved by more than 30 and 10 absolute percentage points for the 
coarsest and finest size fractions, i.e. plus 150 microns and minus 25 microns,
respectively. One may note that the weight recovery of the coarse and the ultrafine 
particles during the flotation rate tests were almost equal without plastic particle addition. 
However, the improvements in weight recovery of the ultrafine particles were 
significantly less compared that of the coarse particles which agrees well with the 
findings of the carrying capacity results. 
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Figure 6.16. Improved mass recovery rates for the coarsest and the finest size fractions of 
Pittsburgh No. 8 coal with and without the plastic particle addition. 
An analysis of the impacts on the particle size fractions between 25 and 150 microns is 
provided in Figure 6.17. Under the same operating conditions, recovery improvement 
decreased notably for particle sizes between 150 and 25 microns, compared to that of the 
coarse coal weight recovery values. Especially for fine size fractions (75 to 25 microns), 
conventional flotation results showed significantly lower gains of about 5 absolute 
percentage points after one minute of flotation. After one minute of flotation, the 
recovery gain for the 150 x 75 micron fraction was about 10 absolute percentage points 
compared to 5 absolute percentage points for the 75 x 45 micron and 45 x 25 micron size 
fractions. 
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Figure 6.17. Improved mass recovery rates for the intermediate-to-fine size fractions of 
Pittsburgh No. 8 coal with and without the plastic particle addition. 
In addition to the weight recovery response for different size fractions based on flotation 
time, the potential change in the lower and upper particle size limits of flotation was 
quantified on a size-by-size basis after one minute as shown in Figure 6.18. As a result of 
the flotation rate tests, weight recovery of the Pittsburgh No. 8 coal was increased by at 
least 5 absolute percentage points under both operating conditions, i.e., Tests 1 and 2, 
with the addition plastic particle at 10% (by weight) concentration. However, the amount 
of material being recovered as a result was significantly greater for the coarser particle 
size fractions, which was 30 to 35 absolute percentage points higher for particle sizes of 
around 150 microns. These results clearly show that the addition of the plastic material 
preferentially increases the top particle size treatable by flotation and thus enlarges the 
particle size range of the process. 
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Figure 6.18. Particle size-by-size weight recovery improvements achieved by the addition 
of plastic particles at 10% concentration by weight on Pittsburgh No. 8 coal. 
Following these promising results, flotation feed material from a Coalburg coal source 
was used in flotation rate tests to evaluate the performance based on different size 
fractions. Similar to the results from the Pittsburg No. 8 coal (Figure 6.16), the 
improvement in weight recovery for the coarsest size fraction was significantly higher 
than that of the ultrafine particles, which was more than 35 absolute percentage points 
after one minute of flotation as shown in Figure 6.19. The effect on -25 micron recovery 
was statistically insignificant. 
In addition to the finest and the coarsest size fractions, the intermediate-to-fine size 
fractions, which are thought to be closer to the optimum range of coal flotation, was also 
evaluated with the addition of plastic particles at 10% (by weight) concentration. As 
shown in Figure 6.20, the recovery improvement obtained for the 150 x 75 micron size 
fraction was around 25 absolute percentage points which was of the same magnitude as 
that realized for the particles coarser than 150 microns. On the other hand, the results for 
the 45 x 25 fraction was similar to the -25 micron fraction which revealed little to no 
increase in recovery. 
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Figure 6.19. Improved mass recovery rates for the coarsest and the finest size fractions of 
Coalburg coal with and without the plastic particle addition. 
 
Figure 6.20. Improved mass recovery rates for the intermediate-to-fine size fractions of 
Pittsburgh No. 8 coal with and without the plastic particle addition. 
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The preferential coarse particle recovery gain was evident by the flotation rate test 
results. As previously described, successful attempts to increase coarse particle recovery 
should enhance carrying-capacity. To evaluate the significance, the samples collected 
from carrying-capacity tests involving Coalburg coal were sieved and analyzed to assess 
particle size recovery. As shown in Figure 6.21, the continued upward trend in the 
product mass flux rate for tests using feed solids content above 10% by weight (Figure 
6.16) was a result of a preferential increase in coarse particle recovery. Recovery 
increased by 10 absolute percentage points for the coarsest particle size fraction when 
feeding a 16% solid concentration slurry containing 10% plastic particle by weight. 
 
Figure 6.21. The impact of plastic particle addition on combustible recovery for different 
size fractions following the carrying capacity tests for the Coalburg coal 
from Kanawha County, West Virginia. 
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The particle size-by-size performance analyses shows that the addition of the plastic 
particles has the potential of increasing the upper particle size limits typically associated 
with the froth flotation process. The impact is believed to be due to improved froth 
stability which results in higher bubble surface area flux rates and thus reduced 
detachment of coarse particles in the froth zone. The plastic particles are ideal for this 
application given a surface hydrophobicity characterized by a contact angle of 84 degrees 
which is less than the 90 degree criteria that has been identified in previous studies for 
froth stability (Dippenaar, 1982a, b; Garrett, 1993). 
 
 
6.3. CONCLUSIONS 
Fundamental studies have shown that froth stability can be enhanced by hydrophobic 
particles that have a contact angle less than 90 degrees. As a result, bubble coalescence is 
minimized and the bubble surface area flux rate increased which elevates the carrying 
capacity of a flotation system. Plastic particles having a contact angle of 84 degrees was 
added to the feed slurry being treated by froth flotation. The plastic was magnetic due to 
their large composition of magnetite. As a result, the particles can be recovered from 
flotation froth by a low intensity magnetic separator.  
 
Experiments to evaluate the impact of the plastic particle addition were evaluated in a 
laboratory semi-batch conventional cell and a continuously operated flotation column. 
Coals from multiple sources were used in the evaluation to assess the plastic particle 
addition impact on coal recovery over a range of surface hydrophobicities. The 
conventional cell experiments were used to assess the effect on flotation rate and to 
evaluate the effect of plastic concentration, reagent addition and slurry pH. Flotation 
column tests assessed the impact on volumetric and solids carrying capacity in a 
continuous process. The plastic particles were recovered from all flotation samples by 
three cycles through a high-gradient magnetic separator. 
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Conclusions from the investigation are: 
1. The flotation rate of Coalburg coal with a relatively low degree of surface weak 
hydrophobicity was increased by 56% by the addition of 10% plastic particles by 
weight. A lower rate improvement of 21% was obtained for a more highly 
hydrophobic coal with the addition of 5% plastic particles by weight. 
 
2. The flotation rate improvements provided an increase in the one-minute flotation 
recovery in a conventional cell of about 15 absolute percentage points for the 
weakly hydrophobic coal. 
 
3. A particle size-by-size analysis of the conventional flotation performance 
revealed preferential coarse particle recovery gains. For a Pittsburgh No. 8 coal, 
the recovery increase was over 30 absolute percentage points for the coarsest 
particle size fraction as compared to around 10 absolute percentage points for the 
finest particle size fraction. 
 
4. Plastic particles having a size larger than 150 microns were found to provide the 
greatest flotation improvement whereas the finest plastic particles provided the 
least impact. This finding indicates that plastic particle attachment to the coal 
surfaces was not the primary mechanism for the coal recovery gains observed in 
the coal flotation tests. 
 
5. For a Coalburg coal sample, the addition of plastic particles at a 10% 
concentration activated flotation at pH values of 4 and 10 under which little to no 
flotation occurred without the plastic particle addition. At a pH value of 4, 
flotation recovery gains over 40 percentage points were realized. 
 
6. At a slurry pH of 7.5, the recovery improvement was around 12 absolute 
percentage points after the addition of 10% plastic particles to the feed stream. 
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7. Test results obtained from the treatment of a highly hydrophobic coal revealed the 
potential to substantially reduce collector and/or frother dosages while 
maintaining a constant combustible recovery value. 
 
8. Tests using a flotation column revealed that near optimum separation performance 
can be achieved with the plastic particle addition as compared to release analysis 
results. Improved froth stabilization generally results in an increase in product ash 
content due to hydraulic entrainment of clay particles. However, the wash water 
addition in the column froth appears to be able to eliminate hydraulically 
entrained material.  
 
9. Recovery gains were obtained throughout the range of volumetric feed rates 
tested and the absolute gain increased with an increase in the volumetric rate. The 
recovery gains ranged from 5 to 12 absolute percentage points. The results 
indicate a positive impact on the collection zone flotation rate which may be a 
result of attachment of the finer plastic particles on the surfaces of the coal which 
would enhance surface hydrophobicity. 
 
10. The addition of the plastic particle significantly altered the product mass flux rate 
relationship with the feed mass flux rate. Above a certain feed mass flux rate, 
product mass flux rate decreases due to preferential detachment of the coarse 
particles. However, the addition of plastic particles in the feed eliminate any drop 
in the product mass flux rate and, in fact, provided a gradual increase in the mass 
flux rate above the critical feed mass flux rate value.  
 
11. Particle size-by-size analysis of the carrying capacity samples showed preferential 
recovery improvements for the coarsest particle size fractions as expected from 
the product mass flux and feed mass flux relationship. 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 
 
In the present study, two different approaches were explored to enhance the froth 
flotation performance of coal particles finer than 150 microns including samples with 
poor flotation recovery characteristics. These novel concepts included: i) pretreatment of 
the flotation feed though a cavitation system, and ii) application of plastic particles with 
magnetic features in the flotation process. 
 
The first concept involved the pre-aeration of flotation feed using a cavitation system, 
which was previously proven to enhance flotation recovery in laboratory studies. By 
injecting feed through a cavitation system, micron-sized bubbles nucleate onto the 
surface of the coal particles. Collisions between the pre-aerated solid particles produce 
aggregates with air serving as the bridging agent. The aggregates are more efficiently 
recovered in a conventional flotation system due to improved collision efficiency with 
conventional bubbles. In addition, the attachment process may be benefited from the 
interaction of the nucleated bubbles on the particle surfaces and the conventional bubbles. 
 
A laboratory study was performed to further understand the effect of feed pre-aeration 
using a cavitation system. The experiments were conducted using fone coal samples that 
varied from a poorly floatable to highly floatable. Flotation samples were pretreated in 
the cavitation device before introduction to laboratory conventional and column flotation 
units. 
 
Based on the positive results from the laboratory studies, a full-scale cavitation system 
was installed for in-plant testing into a flotation circuit that was comprised of three 
StackCells placed in series in which the tailings stream produced by one unit was the feed 
to the next. After installing the cavitation pre-aeration system in the feed pipe to the first 
StackCell, a detailed full-scale in-plant test program was conducted to optimize 
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performance, quantify recovery improvement and evaluate the potential of reducing 
collector dosage.  
 
The other concept utilized hydrophobic plastic material to improve froth stability and 
thus flotation recovery. The plastic was produced with a blend of magnetite particles, 
which made the plastic easily recoverable by magnetic separators. Laboratory 
conventional and column flotation cells were used to collect the necessary data needed to 
validate and duplicate the promising results from previous research (Munoz-Diaz, 2007). 
The previous study indicated a significant enhancement in separation performance by the 
addition of magnetic hydrophobic particles to the flotation process. Flotation rate tests 
were conducted while varying particle size and the concentration of the magnetic plastic 
material over a range of slurry pH values. In addition, to assess the benefits on carrying 
capacity, column flotation tests were performed at different feed solid concentrations 
while maintaining the volumetric feed flow rate constant. 
 
The conclusions obtained from these investigations are provided as follows: 
 
Cavitation Feed Pretreatment: 
1. Preliminary studies of the feed pre-aeration concept were conducted on a coal with 
excellent floatability characteristics in conventional cell tests. The flotation rate 
tests revealed a four absolute percentage point improvement in flotation recovery. 
 
2. These tests were followed by an evaluation on a coal source that is known to be 
difficult to recover using froth flotation. The flotation rate test results indicated the 
potential to increase recovery by 8 to 10 absolute percentage points using a 
cavitation tube to pre-aerate the feed to the flotation cell. In addition, evidence was 
provided that collector dosage requirements could be reduced by as much as 50%. 
Under different collector and frother dosages, on average, flotation rate was 
improved by 15% when no air is added and by 30% when a relatively small amount 
of air is added to the feed to the cavitation system. 
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3. Following the positive results from the flotation rate tests, continuous laboratory 
column flotation tests were performed to test the effect on the volumetric feed rate 
capacity. When treating the difficult-to-float coal, the flotation recovery 
improvement realized by using feed pre-aeration reached at maximum of around 20 
absolute percentage points at the highest volumetric feed rate of 2000 ml/min. 
Given that all other parameter values were held constant, this finding suggests that 
feed pre-aeration significantly increases flotation rate by elevating the efficiency of 
the bubble-particle collision and/or attachment processes. Recent data also suggests 
the possibility of enhanced attractive interactions between a micron-sized bubble 
attached to a particle surface and a bubble produced by a conventional generator. 
This mechanism would provide enhanced flotation rates by improvements in the 
probability of attachment. 
 
4. The impact on the carrying capacity of a flotation column was also evaluated by 
increasing the feed solids concentration while holding the volumetric feed rate 
constant at 1050 ml/min. The pre-treatment through the cavitation tube increased 
carrying capacity from 0.95 to 1.25 t/h/m2 or 32%. Projecting this improvement to a 
typical 4-m diameter industrial column indicates the potential of increasing flotation 
recovery up to 4 t/h per unit. 
 
5. Particle size analyses of the samples collected from the carrying capacity tests 
revealed that the improvement achieved by cavitation pretreatment was found to be 
preferentially achieved on the ultrafine particle size fractions of the feed. The data 
supports a hypothesis that the feed pre-aeration through a cavitation tube is likely 
due to aggregation of the ultrafine coal particles resulting from the interaction of the 
nucleated micron-size bubbles on the particle surfaces with other hydrophobic 
particles. As such, the nucleated bubbles are serving as the bridging medium. 
Individual ultrafine particles have low mass and high surface area and thus take up 
a significant amount of conveying space on air bubble surfaces. By aggregating the 
ultrafine particles, more mass can be carried per unit of bubble surface area. 
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6. Based on the positive laboratory results, a full-scale cavitation system developed by 
Eriez Flotation Divison-USA was installed in the feed pipe of the primary StackCell 
of a 3-stage flotation circuit in a plant that produces coal for use in the metallurgical 
market. The volumetric feed rate to the circuit was around 11000 L/min with a 
solids flow rate of 60 t/h under standard feed solid concentration of around 8.5% by 
weight. Nearly 50% of the floatable material in the feed to the flotation circuit had a 
particle size finer than 45 microns. A detailed test program was conducted to assess 
the potential of using cavitation for enhanced flotation rates and carrying capacities 
and to evaluate the potential of reducing collector dosage. The pre-aeration system 
was found to provide greater than 10 absolute percentage points in recovery 
improvement throughout the test program. 
 
7. When the flotation performance was compared with respect to the collector dosage, 
identical recovery values were achieved using 50% less collector when utilizing the 
cavitation system without air addition and 2/3 less collector when injecting 1.4-1.55 
m3/min (50-55 ft3/min) of air in the feed to the cavitation system. At a constant 
collector dosage, recovery increased by 10 absolute percentage point using 
cavitation without additional air and 17 absolute points when additional air was 
provided to the cavitation system. For the cavitation tests with air addition, 
decreasing the collector dosage from 0.33 kg/t to 0.11 kg/t showed 46% to 68% 
improvement in the carrying capacity relative to those obtained with no 
pretreatments. Furthermore, at the same frother concentrations, air addition prior to 
the cavitation tube system gave an additional 50% increase in the carrying capacity 
response. 
 
8. In addition to assessing the collector consumption, frother additions to the flotation 
circuit was also evaluated in the presence and in the absence of the cavitation 
pretreatment. Under the same operating conditions, it was found that the frother 
consumption could be reduced by more than 30% with the cavitation pretreatment 
while achieving nearly equal recovery values. 
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9. The impact of cavitation pretreatment with the air addition was shown 
photographically that bubble sizes reporting to the flotation product were 
significantly smaller when using the cavitation system with air as compared to the 
product generated when pretreatment was not used. This evidence suggests higher 
bubble surface area rates which would provide higher carrying-capacity values. 
 
10. Although the air addition was applied at a very small volume (1.4-1.55 m3/min, 50-
55 ft3/min), the comparative studies shown that air addition is not required for the 
improved performance. This point out to the fact that the dissolved air in plant 
water would be sufficient enough to generate micron-size bubbles on coal surfaces 
through the cavitation tube, although additional air may further benefit the feed 
pretreatment due to the micro-bubble population in the system. 
 
11. In summary, feed pre-aeration using a cavitation system with and without air has 
been proven to provide significant improvements in flotation recovery through 
laboratory and in-plant test programs. The preferential improvement on the finest 
particle size fractions indicates that the mechanism is agglomeration of the ultrafine 
particles using the micron-size bubbles nucleated on the particle surfaces during 
cavitation treatment as the bridging medium. Substantial reductions in both frother 
and collector may be realized using this pretreatment concept.  
 
Evaluation of the Magnetic Plastic Particles: 
12. To validate and confirm the flotation rate response and the corresponding froth 
recovery improvement from a previous study (Munoz-Diaz, 2007), conventional 
flotation tests were conducted in the current research using coal sources with 
varying degrees of floatability. The addition of 10% (by weight) plastic material to 
difficult-to-float flotation feed showed significant improvement in combustible 
recovery response by around 15 absolute percentage points as a result of a 56% 
increase in flotation rate. These results are close to those from the preliminary 
studies, which showed a similar impact on coal from the same source. 
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13. Conventional flotation tests conducted using the plastic material found that flotation 
rates were significantly increased when evaluating difficult-to-float and easy-to-
float coal samples. When using 5% plastic concentration by weight, flotation rate 
increased from 2.14 to 2.60 min-1 for the highly floatable coal which provided a 
recovery improvement of 5 absolute percentage points. A greater benefit was 
realized for the difficult-to-float coal with 10% plastic addition by weight. Flotation 
rate was increased by 56% which improved recovery by about 9 absolute 
percentage points. A similar finding was reported in the previous study for a more 
hydrophobic coal source (Munoz-Diaz, 2007). 
 
14. It is well known that the optimum coal recovery in froth flotation typically occurs 
around the neutral pH values. Similar findings were also realized in this study in 
which recovery was maximized at around 70% after 3 minutes of flotation for the 
weakly hydrophobic coal. When plastic particles were added at a 10% 
concentration, recovery improved by 12 absolute percentage points. At pH values of 
4 and 10, virtually no flotation occurred without the addition of plastic particles. 
Adding the plastic material resulted in activation of the system and the recovery 
values achieved were between 24% and 50%.  
 
15. At low pH values, the poor recovery is generally believed to be due to clays coating 
the coal surfaces thereby reducing or eliminating the ability of air bubbles to attach. 
The substantially improved recovery values at pH 4 when using plastic particles 
may indicate that either clay adsorption onto the plastic surfaces does not have the 
same effect or the clay coating is not occurring at the same level. As a result, a 
stable froth layer is generated which allows recovery of the weakly hydrophobic 
coal particles albeit at lower rates than that achieved at pH 7.5. 
 
16. It is also feasible that the coal particles are aggregating with the more hydrophobic 
plastic particles through the strong hydrophobic interaction energy. In this 
hypothesis, the bubbles attach to the plastic surfaces creating a bubble-coal-plastic 
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agglomerate that floats due to its relative density. This mechanism may explain the 
ability to recover the weakly hydrophobic coal at a pH of 10 under which little or 
no flotation occurred when plastic particles were not added. A similar finding was 
obtained for a cola having a higher degree of hydrophobicity. 
 
17. On the basis of the promising results obtained from the conventional flotation tests, 
laboratory column flotation tests were conducted to further evaluate the effect of 
plastic addition on the volumetric capacity of a flotation system under kinetic-
limiting conditions. Recovery values achieved on the more difficult-to-float coal 
improved from 5 to 10 absolute percentage points over the range of volumetric flow 
rates tested. Although improved froth stability is believed to be the main benefit of 
the plastic particle addition, these results support the possibility of advantages 
gained from the aggregation of fine coal and plastic particles. 
 
18. The test results from a carrying-capacity evaluation provided strong evidence for 
the hypothesis that the main benefit of the plastic particle addition was improved 
froth stability. When the feed solids concentration was increased from 2% to 16% 
by weight, a maximum capacity of 1.2 t/h/m2was achieved at about 12% solids by 
weight with 10% plastic addition which represents a 20% increase in carrying 
capacity compared to test using no plastic particles. When no plastic particles were 
added, the typical decrease in the product mass flux rate was obtained due to 
selective detachment of the coarse coal particles. However, this trend was not 
observed when adding plastic particles. 
 
19. Particle size analyses of the products generated from the carrying capacity tests 
revealed that the recovery improvement was selectively achieved on the coarsest 
floatable coal particles in the flotation feed. This finding agrees well with the 
absence of a decrease in the product mass flux rate after reaching a maximum value. 
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20. A study was performed to determine the significance of the particle size of the 
plastic material on coal recovery. The results indicate that plastic particles having a 
particle size larger than 150 microns play the primary role in coal flotation 
improvement. Plastic particles finer than 45 microns provided minimal 
improvement. This finding indicates that: 
 
• Aggregation of plastic particles onto coal surfaces as a mechanism for 
improving surface hydrophobicity is not the primary reason for the enhanced 
coal recovery. 
 
• Stabilization of the froth by the existence of coarse plastic material with a 
contact angle slightly less than 90° is the most likely mechanism providing the 
enhanced flotation recovery. Previous studies have shown the particles with 
similar contact angles provide a viscous water film around the bubble surfaces 
in the froth which reduces water drainage and thus bubble coalescence. As a 
result, higher bubble surface area flux rates are realized. 
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CHAPTER 8 
RECOMMENDATIONS FOR FUTURE WORK  
 
The results obtained in the current research demonstrated that there is potential for 
improved flotation recovery for the finest and the coarsest size fractions that exist in the 
feed slurry. However, further research is needed from the fundamental perspective and 
for successful and practical applications of the proposed processes in the mining industry. 
The following recommendations for future studies were developed to supplement or 
expand the findings of the research conducted in this study: 
 
Cavitation Feed Pretreatment: 
1. During the in-plant testing, the amount of collector and frother dosages were not 
similar to the other preparation plants, which resulted in lower than expected recovery 
values due to the plant restrictions that prevented the operators from employing more 
reagents to the system. In addition to the in-plant tests conducted during this 
investigation, the cavitation tube system may be tested in another operation, which 
has already high recovery values in the flotation circuit. This study could provide 
additional information to test the added benefit of the cavitation tube system on 
reducing the flotation reagents, especially collector, which would result in both 
economical and environmental benefits. These tests would also reveal the 
repeatability of the cavitation tube system in another application and provide 
additional data for further improvements in the flotation circuit with and without the 
cavitation tube system. A systematic study for the frother concentration is also needed 
to draw major conclusions about the benefits of the cavitation bubbles and air 
addition to the flotation system and their effect on reducing the frother dosage.  
 
2. Fundamentally evaluate the effects of the cavitation bubbles in the liquid and/or on 
the solid surface in relation to bubble coalescence and the froth stability in flotation. 
By photographically measuring the bubbles size distribution at different froth 
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depths in the froth zone, after reaching the steady state conditions, the impact of 
cavitation bubbles on improved flotation performance could be better understood. 
The effect of particle hydrophobicity on froth stability and the film drainage in the 
presence and in the absence of cavitation bubbles would be beneficial to determine. 
 
3. Conducting bubble surface area measurements to compare the cavitation- and the 
conventional-sized bubbles in the flotation slurry and to calculate their impact on 
the total bubble area flux, Sb, which determines the available bubble surface area to 
transport particles from the collection zone to the froth zone. Using the superficial 
gas flow rate, Jg, and the bubble size, Db, data below and above the froth zone, the 
bubble surface area flux approaching to and leaving the froth zone could be 
calculated (Sb=6Jg/Db). 
 
4. Flotation steps, i.e., collision, attachment and detachment, could be fundamentally 
analyzed from a visual perspective using an atomic force microscopy (AFM) in the 
tapping mode with and without the cavitation bubbles. The cantilever helps imaging 
the surface features, including bubbles, by recording force variations while 
scanning the solid surface topology. In addition, to study the formation, adsorption 
and stability of cavitation bubbles on solid surfaces of different hydrophobicity, 
quartz crystal microbalance (QCM) techniques could be used. The vibrational 
frequency of a quartz crystal is strongly dependent on its mass, in which a 
frequency shift from a measurement is due to the adsorbed material and, thus, may 
indicate the hydrophobicity of the surface with and without the cavitation bubble.  
 
Evaluation of the Magnetic Plastic Particles: 
5. Fundamentally evaluate the effect of magnetic plastic material on induction time 
and thus the probability of attachment through surface chemistry studies. The 
induction time would be measured experimentally under a given set of conditions, 
as an indicator of floatability, flotation kinetics and an indirect measure of flotation 
recovery. Induction time measurements would be conducted under different pH 
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conditions with and without collector (Fuel Oil No. 2) and plastic material addition 
to evaluate their impact on the surface hydrophobicity and thus the floatability. 
Distilled water, HCl and NaOH would be used to prepare neutral, high and low pH 
solutions. In order to assure their accuracy, pH values of the coal-solution mixtures 
would be continuously measured before and after the tests. Based on these results, 
fundamental explanations would be addressed on the impact of plastic material on 
induction time. 
 
6. Visual characterization and qualitative assessment of the impact of the magnetic 
plastic material on the flotation process, i.e. collision, attachment and detachment, 
would be studied in microscopic scale using a high-speed camera setup and froth 
stability measurement equipment. Floatability characteristics of different size and 
density coal particles would be evaluated for the formation of bubble clusters using 
a high-speed monitoring device to give an overall view of the flotation principles 
before and after the hydrophobic enhancement of the surfaces (Ata and Jameson, 
2005; Emerson, 2007).  
 
 Propose a plan for the practical commercial application of the magnetic plastic 
material by conducting studies to find the best way possible to introduce the 
material into the existing flotation units in a preparation plant. In addition to adding 
the magnetic plastic material into the feed stream, investigate other methods for the 
direct addition into the froth phase and the bubble generation system. Consider 
studying the degradation of the plastic surface characteristics over time due to 
recycling from a preparation plant perspective. Define the surface properties of the 
plastic material after first, second and third time of recycling through the magnetic 
separator. Use scanning electron microscope (SEM) and other microscopic 
measurement devices to evaluate the surface characteristics and the plastic coating 
properties of the magnetite particles after the recycling process.  Evaluate the 
economics, maintenance and handling of the plastic material addition system from 
an operative preparation plant perspective.
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APPENDIX A 
 
 STACKCELL CIRCUIT 
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Figure A.1. The addition of cavitation tube system to the existing preparation plant  
design with the StackCell circuit. 
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Table A.1. Material and volume balance of the StackCell circuit based on the initial  
design. 
Description Fluid Solids (t/h) 
Solids 
(%) 
Pulp 
(S.G.) 
Flow 
(L/m) 
Delivery Pressure 
(kPa) 
Normal Max. Min. 
Feed Cell-1 Slurry 60.0 6.7 1.02 13200 - - - 
Wash Water 
Cell-1 
Process 
Water 0.0 0.0 1.00 1635 138 207 138 
Overflow 
Cell-1 Froth 15.6 12.0 1.03 1910 - - - 
Feed Cell-2 Slurry 44.4 5.1 1.02 12925 - - - 
Wash Water 
Cell-2 
Process 
Water 0.0 0.0 1.00 1265 138 207 138 
Overflow 
Cell-2 Froth 8.4 10.0 1.03 1240 - - - 
Feed Cell-3 Slurry 36.0 4.1 1.02 12940 - - - 
Wash Water 
Cell-3 
Process 
Water 0.0 0.0 1.00 890 138 207 138 
Overflow 
Cell-3 Froth 5.8 8.0 1.02 1065 - - - 
Tailings 
Cell-3 Slurry 30.2 3.5 1.02 12990 - - - 
Combined 
Overflows Froth 29.8 10.4 1.03 4220 - - - 
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APPENDIX B 
 
 CAVITATION TUBE SYSTEM 
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Figure B.1. The detailed design of the cavitation tube system including the knife-gate  
valves, pressure gauges and air inlet manifolds mounted on a 35.6-cm (14- 
inch) main pipe. 
205
AUSTRALIAN VENTURI TUBE DESIGN 
Australian researchers from CSIRO Energy Technology Division used the British 
Standards (BS 1042, 1992) to design the Venturi tube (Hart et al., 2002; 2004). 
According to these standards, three types of convergent sections exist in classical Venturi 
tubes, i.e., machined, roughcast and rough-welded. Each type specifies a set of ranges for 
the entrance diameter (D), the diameter (Beta) ratio (β=d/D) and the Reynolds Number 
(ReD). The Venturi design in this study was specified to have a smooth (machined) 
internal surface in the convergent section, which is especially important for calculating 
the discharge coefficient (C) that depends on the surface finish of this section as shown in 
Figure B-2. If a calculated value for D, β or ReD falls outside of the specified ranges, the 
relative uncertainty of the discharge coefficient (C) increases. This can affect the pressure 
loss across the Venturi tube, which in our case could reduce the probability of cavitation. 
Figure B.2. Venturi cavitation tube with some of the major design parameters (Tao,  
2004). 
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Following are the list of most important design parameters for the Venturi tube, which 
includes the British Standards (BS 1042, 1992) with some slight deviations that were 
applied by Hart et al. (2002; 2004): 
 
1. The geometric profile of the conical convergent section of a classical Venturi tube 
should be 21° (or ±1°), 
 
2. The length of the entrance cylinder to the conical convergent section should be 
equal to or greater than the internal diameter, 
 
3. The design constraints for a classical Venturi tube with a machined convergent 
section are as follows (Section 10.1.5.3; BS 1042, 1992): 
• 50 mm ≤ D ≤ 250 mm 
• 0.4 ≤ β ≤ 0.75 
• 2 x 105 ≤ ReD≤ 1 x 106 
• Under these conditions the value of the discharge coefficient (C) is 0.995. 
 
4. The geometric profile of conical divergent section should be between 7° and 15°, 
which was angled at 5° for this study. 
 
5. The length of cylindrical throat section should be equal to the internal diameter. 
From the pilot scale design, this section was modeled as 15% of the length of the 
cavitation section.  
 
6. The theoretical pressure drop is taken as the difference between the pressure 
reading at the entrance cylinder to cavitation tube and at the cylindrical throat, 
which requires two gauges for the accuracy of pressure measurement. In this 
study, the main concern was not to determine the flow rates but to generate 
cavitation on the coal particles. As a result a single pressure tapping was placed at 
the center of the cylindrical throat section. 
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